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I.1-1.6 


Preface 


In the course of teaching Organic Chemistry at the undergraduate level, I felt constantly the 
need of a concise volume that dealt with important topics like synthesis, spectroscopy and bio- 
molecules included in the final year syllabus of chemistry (Hons). Students often expressed 
their difficulty caused by the absence of such a book. It is the long-felt difficulty of the students 
that motivated me to undertake this work on organic chemistry based on modern structural 
theories. 


This book is organised into ten chapters: (i) Nitrogen Compounds, (ii) Organometallic 
Compounds, (iii) The Logic of Organic Synthesis, (iv) Organic Spectroscopy, (v) Polynuclear 
Hydrocarbons, (vi) Heterocyclic Compounds, (vii) Stereochemistry of Alicyclic Compounds, 
(viii) Pericyclic Reactions, (ix) Carbohydrates, and (x) Aminoacids, Peptides, Proteins, and 
Nucleic Acids. 


By following a modern methodology of learning, the book presents a large number of reactions 
with discussions supported with mechanistic explanations and diagrams, wherever needed. I 
believe that a fruitful way for the students to make their knowledge sound and also to acquire 
command over the subject is to deal with well-designed problems covering various aspects of 
organic chemistry. For this reason, a large number of solved as well as study problems have 
been included at the end of each article of every chapter of this book. It must help to develop 
the proficiency of the students. 


I am pleased to note that Volume-I and Volume-II of this book have been received well by both 
teachers and students. This volume will also be highly useful and dependable guide not only 
to the advanced degree students of organic chemistry but also to the aspirants, preparing for 
various competitive examinations like NET, GATE and SLET. 
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Diazoacetic Ester 


® oOo 
(N=N—CH —CO,Et) 
1.3.1 Preparation of Diazoacetic Ester 


1.3.2 Structure and Properties of 
Diazoacetic Ester 


1.3.3 Uses of Diazoacetic Ester 
Nitro Compounds 

(Aliphatic and Aromatic) 
1.4.1 Preparations 

1.4.2 Reactions 

Alkyl Nitriles and Isonitriles 
1.5.1 Preparations 

1.5.2 Reactions 

Diazonium Salts and Their Related 
Compounds 

1.6.1 Reactions 


1.6.2 Synthesis Using Diazonium 
Salts 


The class of organic compounds having functional groups containing nitrogen is termed 
as ‘nitrogenous organic compounds’. A large number of nitrogen containing organic 
compounds, isolated from natural sources, is essential for the continuation of the process 
of life. Amino acids and proteins are the main nitrogenous compounds that are present in 
all living systems. 


1.2 Organic Chemistry: A Modern Approach 


Nitrogenous organic compounds are classified into amines, nitro compounds, nitriles, 
etc., on the basis of the nature of nitrogen containing functional groups. In this chapter, 
discussion will be restricted to amines, nitro compounds, alkyl cyanides, alkyl isocyanides 
and diazonium salts. 


1.1 AMINES (ALIPHATIC AND AROMATIC) 


1.1.1 Preparations 


1.1.1.1 Preparation of Primary Amines 


1. By reduction of nitro compounds Reduction of nitro compounds by Sn/HCI, Zn/HCl, Fe/ 
HCl, H,/Ni or LiAlH, produces primary amines. 


Examples: 
1 or H,/Ni 
Co aE Chena 
or LiAlH, 
Nitromethane Methylamine 
Sn/HCl, Fe/HCl1 
> 
<O>-NO; or H./Raney Ni <O>-NEL - H,0 
Nitrobenzene Aniline 


2. By reduction of alkylcyanides or alkylnitriles When alkyl cyanides are reduced by 
H,/Ni, LiAlH, or (Na + C,H;OH), primary amines are obtained. 


Examples: 
CH—0=N JALAL. .CH.CHINHS 
. or (Na + C,H;OH) : 
Methyl cyanide Ethylamine 
C=N CH,NH, 
Cy Raney Ni/H, cy 
ee 
or LiAlH, 
Benzonitrile Phenylmethanamine 


or Benzylamine 


3. By reduction of acid amides When acid amides are reduced by Na/EtOH or LiAlH,, 
primary amines are obtained. 


Examples: 
Na/C,H;OH 
CH;CONH, an CH;CH,NH, 
Acetamide ss ‘ Ethylamine 
Na/C,H,OH 
<OQ>—CONH, mn? CeHsCH2NH, 
: . Phenylmethanamine 
Benzamide 


or Benzylamine 
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4. By reduction of aldoximes or ketoximes Aldoximes or ketoximes are reduced by Na/ 
C,H;OH or LiAlH, to give primary amines. 


Examples: 
Na/C,H;OH 
CH;CH= NOH — CH;,CH,NH, + H,O 
or LiAlH, 
Acetaldehyde oxime Ethylamine 
Na/C,H;OH 
(CH3),C—= NOH = aa (CH3),CH NH, + H,O 
Acetone oxime Isopropylamine 


5. By reductive-amination of aldehydes and ketones When an aldehyde or a ketone is allowed 
to react with a mixture of excess of ammonia and H, gas at 140—150°C under high pressure 
of 20-150 atmospheres, in the presence of Raney Ni, a primary amine is obtained. This 
process which involves conversion of the carbonyl compound to the corresponding imine 
by treatment with NH, and its subsequent reduction is called reductive-amination. 


Examples: 
—H,0 i 7 HJNi 
CH;CHO + NH; ————> CH;CH=NH | ———> CH3;CH2NHe 
Acetaldehyde [mine 7 Ethylamine 


—H,O lA, | H/Ni 
(CH3),C =O + NH; ———> [(CH3)20= NH | —"—> (CH3),CH NH» 


Acetone Imine Isopropylamine 
A variation of the classical reductive amination procedure uses sodium cyanoborohydride 
(NaBH,CN) instead of H, as the reducing agent. For example: 


NaBH,CN 
PhCHO + CH,CH,NH; PhCH,NHCH,CH, 
MeOH(solvent) 


Benzaldehyde Ethylamine N-Ethylbenzylamine (90%) 
6. By Hofmann rearrangement or Hofmann hypobromite reaction When an acid amide is 


allowed to react with Br, in the presence of alkali at about 70°C, a primary amine with 
one C-atom less than the parent acid amide is obtained. 


Examples: 
CH,—CONH, + Br, + 4KOH —2S 2KBr + K,CO; + 2H,O + CH;NH, 
Acetamide Methylamine 
(a 1° amine) 
Br./KOH 
CONH, —2—> NH 
Benzamide Aniline 


(a 1° amine) 


1.4 Organic Chemistry: A Modern Approach 


Mechanism: ee 
O tO: O 

4 + I> 

7 Z ‘c= 


uo. CBr Ay 
CH, “NHXH+:0H°—>H,0+CH/ ‘nH 22> cH (NB 


ee 4 
2 @ O :08 
CH,—N—C=O | | 
oe eS) C : 


, 1,2-Me-shift Ce \ | 
CH,-N=cL6|  <——- (cay SN <——> CH, ‘NBr OH® 

H,0 Oo +H® tautom 

AES Hy Neat AE> CHy-N=C_OH = = Ci Nn CxO 


COH OH 


OH 

if ia ‘ue | 
~—AtTe 
CO, + CH;—NH, <7! ‘OH 


7. By Gabriel synthesis In this method phthalimide is converted, by means of ethanolic 
potassium hydroxide, into its salt which, on heating with an alkyl halide, gives the N-alkyl 
phthalimide. This is subsequently hydrolysed to phthalic acid and a primary amine by 
heating with 20% hydrochloric acid under pressure or by refluxing with KOH solution. 


Example: 
O 
O 
Phthalimide oa ee N-Methyl ee 
phthalimide 
COOK : CO.H 
CH NH) + @g . —— —_ Oe a + CH;NH, 
Methylamine COP 2" Methylamine 
(1° amine) (1° amine) 


Primary amines can also be obtained by hydrazinolysis (cleavage by hydrazine) of 
N-alkylphthalimide. This method is more effective than acidic or alkaline hydrolysis. 
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O O 
NH 
N—CH3 =F H)yN—NHo —_—> CH3NH» + es 
Hydrazine Methylamine 
(1° amine) 0 
N-Alkylphthalimide Phthalylhydrazide 


Gabriel’s synthesis is a very useful method since it gives a pure primary amine. 


8. By Grignard synthesis Grignard reagents react with chloramine to form primary amines. 
It is a very effective method for preparing primary amine in which the —NH, group is 
attached to a tertiary carbon atom. 


Example: 


(CH;)3C—Br > (CH,),C Mg Br “#5 (CH,),C—NH, + Mg BrCl 
etner 


tert-Butyl bromide tert-Butylamine 


9. By the Ritter reaction A good method for preparing primary amines containing a t-alkyl 
group is by the Ritter reaction. This reaction depends on the formation of intermediate 
carbocations, and hence is mainly used with t-alcohols (or alkenes that can produce 
t-carbocations). The reaction occurs between alcohol (or alkene) and alkyl cyanide (or 
HCN) in the presence of sulphuric acid to produce an amide which on alkaline hydrolysis 
yield the primary amine. 


Example: 
so S 
(CH;),COH > (CH3);CNHCHO ee (CH,),CNH, + HCO$ 
a 
|Mechanism: 


“Ny ® —H,0 & 3 N=C—H ey 
(CH3)3C—OH —_—> (CH3)sC-cOH, —> (CH3)3C ——$—<———? (CH3)3C—N=CH 


Oe wis es 


Dy tautom. —H® . 
(CH,),C_ NHL CHLGe (CH)C NH~CH= 0 ==> (CH,),;C N=CH—OH a H,0: 


OH a 
2 proton 
-_ (CH3)3;C—NH + H—COQ>H ————> (CH;);C—NH, + HCOO® 


transfer 


10. By Schmidt reaction Carboxylic acids react with hydrazoic acid (HN;) in the presence 
of concentrated H,SO, to yield primary amines containing one carbon atom less than the 
carboxylic acids. 
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Examples: 
conc. H,SO, 
CH;,COOH + HN3 —— === —£ CH3NH, + CO, + No 
Acetic acid Methylamine 
(a 1° amine) 
conc. H,SO, 
C,H;COOH + HN; > CgHsNH, + CO, + No 
Benzoic acid Aniline 
(a 1° amine) 
|Mechanism: 
® 
O H OH OH 
on a is ifn , roon “soy ¢ 8H 
Re SoH —_ RO oH Ee ve 2 
Carboxylic acid H—N—N =N H+-N—N =N 
ji . 
® —N 7 ® ® —H,0 
ReNaCa6 ‘NHCN=N <=> R-C=N=N <— 
{ R° shift 
H R—NH, | 
leer 1° amine 
O: .: aH” CO 
R-N=C=0 = R00" - Ee tautom. R—NH>-C=0 2 
| ») 7 
® 


11. By hydrolysis of alkyl isocyanides At ordinary temperature, alkyl isocyanides undergo 
hydrolysis by dilute HCl to give primary amines. 


Example: 


CH,;—NC + 2H,0 ie? CH,—NH, + HCOOH 
Methylamine 


(a 1° amine) 


12. By Curtius rearrangement When acyl azides are heated with an inert solvent like 
benzene, chloroform, etc., alkyl isocyanates are obtained. These on hydrolysis yield 
1° amines. The reaction is known as Curtius reaction or Curtius rearrangement. 
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Example 
O 
| heat H,O 
CH,—C—N, =a CH,—N=C=O — > CH;3NH, + CO, 
Acetyl azide ° Methyl isocyanate Methylamine 
Mechanism: 


9 ©@ 

@Y -N.N=n —“_>R-n=c=0—“° 5 RNH, +00, 
Cw \a 1,2-R-shift 

A 1° amine 


13. By Lossen rearrangement The Lossen rearrangement offers a good method for preparing 
pure primary amines free from secondary and tertiary amines. The O-acyl derivatives of 
hydroxamic acids RCONHOH, gives isocyanate (RNCO) when heated with bases. The 
isocyanates undergoes hydrolysis instantly to yield 1° amines. 


Example: 
i 1 
CH;—C—NH—O—C—CH3 —=> OH", CH,_N=C= O Bas CH,—NH, + CO, 
O-acetyle derivative Methylamine 
of a hydroxamic acid (a 1° amine) 
Mechanism: 
i i 
C O CH Cy>.0 O CH 
CHS NT “om 3 ue CHy SNOT 3 1,2-Me-shift CH n—cLo 
| II a a oe | Ip —~CH;,COO® 3 
H O O |= 
26 CH;,—N=C—OH CH,—_N=C—O* 
-CO. x tautom. | +H® le * 
CH3NH»,<—— <— CH,—NHc@ 7 OH <— HO S 
's. ioe oa 


1.1.1.2 Preparation of Secondary Amines 


1. By reduction of alkyl isocyanides Alkyl isocyanides (RNC) are reduced by H./Ni or Na/ 
EtOH to form secondary amines. 
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Example 
H,/Ni 
> 
C2H5sNC — a/C,H,OH C.HsNHCH3 
Ethyl Ethylmethylamine 
isocyanide (a 2° amine) 


2. By alkylation of primary amines Secondary amines can be prepared by heating primary 
amines with requisite amount (1:1 molor ratio) of alkyl halide (preferably alkyl iodides). 


Example: 
C.H;NH, + CoHsI as (CoHs),NH + HI 


Ethylamine Diethylamine 
(a 1° amine) (a 2° amine) 


3. By using aniline and alkyl halide When aniline is heated with an alkyl halide, dialkyl- 
aniline is obtained. This on treatment with nitrous acid (1.e., NaNO./HCD gives p-nitroso-N, 
N-dialkylamine which on alkaline hydrolysis produces a secondary amine. 


Example: 


oo 
Hy 


a 
H_CH, CH; 


“cay > <O>-NCHS)e 


many Oz 


eo® ait ae 
O=N—<Q)>-ONa+ (CH,),NH <“™* 0=N—<O>-N(CH3), 


Dimethylamine p-Nitroso—N, N-dimethylaniline 
(a 2° amine) 


4. By using calcium cyanamide Secondary amines can be prepared from calcium cyanamide 
by the following sequence of reactions. 


CaNCN —N22# 5 Na,NCN "> (CH,),NCN —2@ 
Calcium 
cyanimide NH; + CO, + (CH3)g.NH> 


5. By reductive alkylation of a primary amine using a carbonyl compound When a mixture of 
a carbonyl compound, a primary amine and hydrogen gas is passed over Ni catalyst under 
high pressure and high temperature, a secondary amine is obtained. 

Example: 


Ni 
CH3;CHO CH3NH» + He hich eae CH3;CH,NHCHs; 


Acetaldehyde Methylamine & high pressure Ethylmethylamine 
(a 1° amine) (a 2° amine) 
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1.1.1.3 Preparation of Tertiary Amines 


1. By alkylation of ammonia Tertiary amines can be prepared by heating excess of alkyl 
halide with alcoholic solution of ammonia. It is, in fact, the best method for the preparation 
of 3° amines. 


Example: 


3 CH,I + NH, —_> (CH3)3N + 3HI 


Methyl Trimethylamine 
iodide (a 3° amine) 


2. By reductive alkylation of a secondary amine using a carbonyl compound When a mixture of 
a carbonyl compound, a secondary amine and hydrogen gas is passed over nickel catalyst 
under pressure, a tertiary amine is produced. 


Example: 
CH;-CHO + EtNH + H,>“—> Et;N + H,0 
Acetaldehyde Diethylamine Triethylamine 
(a 2° amine) (a 3° amine) 


1.1.2 Distinction between Primary, Secondary and Tertiary Amines 


1. Hinsberg test The reactions of amines with benzene sulphonyl chloride (PhSO,Cl) form 
the basis of the classical Hinsberg test to determine the class of an amine. In this test, 
the given amine is treated with benzene sulphonyl chloride (Hinsberg reagent) in the 
presence of cold aqueous NaOH. 

(a) Aprimary amine produces N-alkylsulphonamide which contains an acidic hydrogen 
and hence dissolves in NaOH solution to form the soluble sodium salt. The benzene 
sulphonyl group is strongly electron-attracting, and thereby facilitates the release 
of the proton attached to the N atom. 


| :OH7/H,0 I NaOH = Il ® 
R—NH, + sain lice — CHeD > ae solution, ae lige Na 
A primary O 
amine % ¢ 


acidic N-Alkylsulphonamide Sodium salt of 
hydrogen N-alkylsulphonamide 
(water soluble) 


(b) A secondary amine produces N, N-dialkylsulphonamide which, containing no 
acidic hydrogen, precipitates immediately as it is incapable of forming sodium salt 
with sodium hydroxide. 


1.10 Organic Chemistry: A Modern Approach 


ss II OH7H,O II NaOH ; 
R2NH- + yea —cHep ae olution” No reaction 
A secondary O O 
amine N,N-Dialkylsulphonamide 


(insoluble precipitate) 


(c) A tertiary amine with no available hydrogen does not react with PhSO,Cl and 
remain as insoluble material. 


OH7H,O 
R;,N + PhSO,Cl ————> No reaction 
A tertiary 
amine 


The limitation of this test is that the amines must be water-insoluble liquids. 
[It is to be noted that benzene sulphonyl chloride, PhSO,Cl, was used originally, 
but has now been replaced by p-toluenesulphony! chloride, p-CH,;C,H,SO,C1.] 


2. Behaviour towards nitrous acid Primary, secondary and tertiary amines give characteris- 
tic reactions with nitrous acid and the observations of these reactions help to distinguish 
among them. 

(a) Primary amines react with HNO, to form primary alcohol and nitrogen gas. 


RNH, + HNO,-2X@H, ROH + N, + HO 


A primary amine 


[Mechanism: HO—N=O Ht’, H,0N=0O a. N=o io R-NH,—N=O 
(nitrosonium ion) J _H® 


= “4 ® ® is 
#0 R_N+N—OH, <=” R-N=N—OH —22™— R-NH—N=O 


es 


S on 
R—N=N >> R— 
‘, 


Os oon, =" ROOT 


(unstable 
diazonium cation) 


(b) Secondary amines react with nitrous acid to form nitrosamines which are oily 
liquids. Nitrogen gas is not evolved in this reaction. 


HNO, = 
R2NH Wanoyxoy” _ _RaN—N—O 
A 2° amine N-Nitrosamine 


(yellow oil) 


POP i ALSLEG 1, Sr a ce ee co ence ee eee eee eee nnn eT TIE Teme ETE R TUTE ST NY nT NTE IT EST iar 
Liberman’s nitrosamine reaction It is used as a test for 2° amines. Nitrosamine form red 
solution when heated with a few drops of phenol and conc. H,SO,. The red solution turns 
blue when NaOH solution is added to it. This colour reaction is known as Liberman’s 
nitrosamine reaction. Sulphuric acid liberates nitrous acid from nitrosamines and this 
reacts with phenol to form p-nitrosophenol which then combines with another molecule of 
phenol to give red-coloured indophenol. In alkaline solution, indophenol anion is formed 
which is blue in colour. 


R,N—N=o 28° 5 R.NH + HNO,; HNO, + H,SO,—> NO + HS0°+ H,O 


XO 0 aN a 


Indophenol Indophenol salt 
(red) (blue) 


(c) Tertiary amines dissolve in cold nitrous acid to form nitrite salts. 


® 
R3;N + HNO, ——> R3;NHNO$ 
(Salt) 
Therefore, the three classes of amines can be distinguished from their reaction with 
nitrous acid. 


Primary, secondary and tertiary aromatic amines also give characteristic reactions with 
nitrous acid: 


(a) Primary aromatic amines Aniline, for example, reacts with HNO, (NaNO, + HCl) at 
0-—5°C to form benzene-diazonium chloride. When a few drops of this solution is added to 
an excess of cold alkaline solution B-naphthol, a red dye is obtained. 


NH, N,Cl° One a i 
or Oo <a oo™ 
“(NaNOwHC)” (alkaline eer 
6G as Benzenediazonium 1-Phenylazo-2- 
chloride naphthol (sodium salt) 


(red ozo-dye) 


(b) Secondary aromatic amines Monomethylaniline, for example, reacts with a cold 
solution of HNO, (i.e., NaNO, + HCl) to form N-nitrosoamine which is a light yellow 
liquid, insoluble in water. 


NHCH3 CH;N—N=O 
,11NO, OE + H,O 
N-Methylaniline N-Nitroso-N-methylaniline 


(a 2° amine) (a light yellow liquid) 


1.12 Organic Chemistry: A Modern Approach 


(c) Tertiary aromatic amines NV, N-Dimethylaniline, for example, reacts with nitrous acid 
(i.e., NaNO, + HCl) to form p-nitroso-N, N-dimethylaniline which is a green solid. 


N(CH) N(CH) 
O,/HC1 
N, N-Dimethylaniline N=O 
(a 3° amine) p-Nitroso-N, N-dimethy]l- 
aniline 
(a green solid) 


Due to lack of hydrogen on nitrogen, nitrosation (an electrophilic aromatic substitution) 
occurs to yield a nitroso derivative. 


1.1.3 Separation of Primary, Secondary and Tertiary Amines by Hinsberg’s Method 


When an excess of benzene sulphony] chloride and alkali are added to a mixture of 1°, 2° 
and 3° amines, the 3° amine remains unreached. It is separated from the sulphonamide 
mixture by distillation or by solvent extraction. 

Between the sulphonamides of 1° and 2° amines the first one remain dissolved in alkali 
and the second one is then filtered off. N, N-dialkylsulphonamide gives back the secondary 
amine when distilled with 70% H,SO, or 25% HCl. 


O 
I 70% HySO, 
sae R,NH + PhSO3H 
lI reflux 
O A secondary 
N, N-Dialkylbenzene amine 
sulphonamide 


The alkaline solution (filtrate) is then acidified to precipitate N-alkylbenzenesulphonamide 
of 1° amine and then the precipitate is distilled with 70% H.,SO, or 25% HCl to get back 
the primary amine. 


| O 
= ll oe eo I 70% HSO, 
ae Na ——> a ae L —Fellux >? -R—NH + PhSO3H 
a A primary 
N-Alkylbenzenesulpho- amine 
namide 


1.1.4 Reactions 


1. Eschweiler—Clarke methylation Primary and secondary amines form N-methyl derivatives 
when heated to 100°C with a mixture of formaldehyde and formic acid. One H-atom of 
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—NH, or ‘SNH group is replaced by —CHg group. This is what is called Eschweiler—Clarke 
methylation. 


Examples: 
CH,CH,NH, + HCHO + HCOOH — CH,CH,NHCH, + CO, + H,O 
Ethylamine Ethylmethylamine 
(CH;),.NH + HCHO + HCOOH —~ (CH,)N + CO, + H,O 
Dimethylamine Triethylamine 


Mechanism: The mechanism of the reaction involves the steps as follows: 


CH—NHEt H‘NHEt 
Hy |: inns et H,0 e 
OS we See OH, + HCOO) === CH, =NHEt 


u An iminium 
HNc<O>H EtN— 


Now, ; an % 
CH» ( ® 
CHa Be “Henin, | |} | ~00:, Bt—NH CH,—"> EtNHCH; 
Et ANH Hi Lo mi NEA. 7-0 a Ethylmethylamine 
TS. 


Formic acid acts as a reducing agent by transferring a hydride ion to the electron-deficient 
carbon and is oxidized to COs. 


2. Mannich reaction The condensation of an enolizable carbonyl compound (an aldehyde 
or a ketone) with formaldehyde and ammonia or a primary or secondary amine to form its 
aminomethy]l or substituted aminomethy]l derivative (called a Mannich base) is known as 
the Mannich reaction. 


The reaction is usually carried out in acid solution (but may also be base-catalyzed). The 
commonly used solvents are water, methanol, and ethanol. Usually, secondary amines 
(e.g., dimethylamine, diethylamine, piperidine, etc.) are used to avoid side reactions. 


Examples: 
HCV/CH,OH 
(i) <O>-¢—CH, + HCHO + (CH ),NH— > <O>-¢—CH,CHN(CH,), 
O Formal- P O . 
Acetophenone dehyde Dimethyl- A Mannich base 
amine 

(ii) CH COCH, + HCHO + (C,H;)y NH "> CH CO(CH,),N(CsHs)2 

Acetone Formal- Dimethyl- A Mannich base 


dehyde amine 
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Mechanism of the reaction: The mechanism of the reaction involves the steps as follows: 


Step 1: Formaldehyde reacts with ethylamine (C,H;NH,) to form an iminium ion through 
the formation of a hemiaminal. 


ac 
H i - 
4 \ p +H® 4 ~H-OH, FA 
BLN S05 = {SN—CH, == Et,.N—CH,O ra BtyNLCH, 
H A hemiaminal bu, 


® = 
Et.N=CH, Ho | 


An iminium ion 


Step 2: The enol form of the active hydrogen compound reacts with the iminium cation 
to form a B-aminocarbonyl compound (a Mannich base). 


H 
05) 


O CO se 
I H,0® CHEE, = _!_, CH,CO(CH,),NEty 
CH; “CH, 9 CHy SCH, Cs “CHa, A B-aminocarbonyl 
Acetone Enol Et,N—CH, compound 


(a Mannich base) 


1.1.5 Phenylenediamines 


1.1.5.1 0-Phenylenediamine (benzene-1,2-diamine or 1,2-diaminobenzene) 


1. Preparation It is best prepared by reducing o-nitroaniline with zinc dust and aqueous 
ethanolic sodium hydroxide (74-85%). 


@d NOz Zn dust - OL NH, 

NO 2 aqueous ethanolic NH, 
NaOH 

o-Nitroaniline o-Phenylenediamine 


2. Reactions The most characteristic property of o-diamines is the ease with which they 
form heterocyclic compounds. 
(i) When o-phenylenediamine is treated with ferric chloride solution, a dark red colour 
is produced due to the formation of 2,3-diaminophenazine. 


oo + Or =. Goo” 
NH, NH, NH, 


N 
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(ii) Benzimidazoles are obtained when o-phenylenediamine is heated with organic 
acids. For example: 


NH, NHCHO| | 

Cr + HCO,H "3 Cr ag 
NH, NH, 

o-Phenylenediamine (83-85%) 


(ii) When o-phenylenediamine is treated with nitrous acid (a solution of the 
diaminocompound in acetic acid is treated with an aqueous solution of sodium 
nitrite), benztriazole is formed. 


NH, N= N 
Cm, t HNO 3 ICI | 5 CL 
NH, L NH, N 
o-Phenylenediamine 


Benztriazole 
(75-81%) 


(iv) o-Phenylenediamine condenses with a-dicarbonyl compounds to form quinoxalines. 


For example: 
Cr ; a oe Rais ee Ce 2) 
NH, 


o-Phenylenediamine Quinoxaline 
Glyoxal 


This reaction is used to identify o-diamines. The a@-dicarbonyl compound used for 
this purpose is phenanthraquinone and this results in formation of a sparingly 
soluble phenazine derivative. 


i 4 mK _2H,0 seas 
tum wt 0 - _ @ 


Phenanthraquinone A phenazine derivative 
1.1.5.2 m-Phenylenediamine (benzene-1,3-diamine or 1,3-diamobenzene) 


1. Preparation It is best prepared by the reduction of m-dinitrobenzene with iron and 
hydrochloric acid. 


NO, NH, 


on. > CL 
NO, NH, 


m-Dinitrobenzene m-Phenylenediamine 


Sees tgsid cette tele cases htc eects (esses etgat ais es aoe Dates NeoPa gaa iets tea tee Organic Chess A Maurin APRrOaGl 
2. Reactions Its must characteristic reaction is the formation of a brown dye known as 
Bismarck brown. This is, in fact, a mixture of two compounds, I and II. This mixture is 
obtained by the action of HNO, on m-phenylenediamine. 


<2 > 
® 
NH, N,CI° ree N-<O>-N 
HNO,, 0-5°C ‘ i on H.N 
O a a 
(diazolization) ® (Coupling = 
NH, NeCI- reaction) =N-O>-NE es 
m-Phenylene- Tetrazotized Bisazo compound II 5 
diamine m-phenylenediamine > & 
om 
H,N 2 
® 
No: 20 N=N-O)-NH; 
NH 
= OL it ae OL 
(diazotization) NH, i i NH» 
Monoazo compound I 4) 


This reaction is used as a colorimetric method for determination of nitrites in water; a 
yellow colour is produced even when nitrites are present in traces. 


1.1.5.3 p-Phenylenediamine (benzene-1,4-diamine or 1,4-diaminobenzene) 


1. Preparation It may be prepared by the reduction of p-nitroaniline or aminoazobenzene. 


NH, NH, 
Fe/HCl 
NO, NH, 
p-Nitroniline p-Phenylenediamine 
Na,S,0. 
Aminoazobenzene p-Phenylenediamine 


2. Reactions On vigorous oxidation it forms p-benzoquinone. 


NH, fe) 
Oo Bei QO 
————> 
H,S0, 

NH, O 


p-Phenylenediamine p-Benzoquinone 


p-Phenylenediamine can be diazotized in the usual way and is used in the synthesis of 


dyes. 
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1.2 DIAZOMETHANE (CH,N.,) 


1.2.1 Preparation of Diazomethane 


Diazomethane can be prepared by the following methods: 


(a) Method of von Pechmann 
(i) From N-methyl-N-nitrosourea: 


0 CH,NH,CI° 0 HNO, . 

Cc heat Ck ax Cet: 
HN“ NH, cacy  HAN~ ~ SNHcH, “@%OXF°? HON’ SN_CH, 

Urea N=6 


N-Methyl- 
N-nitrosourea 


02° + NH; + CHjNy<—— 
Diazomethene 
Mechanism of the final step: 
Oy Ne i aaa 
H)N~° SN_N=0 > pn oN -> BNO NOn* aia 
CH3 bu, po 


i) ® ® 2] ope “\e eae ¥ 
eu, N=N:< >on 8=N: oH CH=NR (OH< OH oH NG N—OH 


2) 
Oe Lyne 
HN “ol 2, 04.00, 4:NH, 122 NH, +OH° 
OH® 
Gor" 
Gi) From N-methylurethane: 

1 " 
C 


Cc 

CICO,Et 

CH,NH, 57> CH,NH’ ort =X%>cH,-N” OEt > CH,N, 
N-Methylurethane = Diazomethane 

+CO2° + EtOH 


1.18 Organic Chemistry: A Modern Approach 


Mechanism of the reaction: 


iP 1 Nos iP 


< aS a als ran TING, a 
CH,NH, + C14. OEt CH,NH” \OEt CHS OEt 
N=£0 
6) 
| :OH? 


HCH, N=N—On 2 CH,-N=N—0?+ HO” SOEt 


:OH? 


0 “8 Q 9 
CH,=N+N-COH _-OH®, cH, =N=N <> GH,—N=N: 
if 
eg a 5 
:OH +H--O~-C-OEt—> H,O + CO, + :OEt —Gg5,> EtOH 
OH? CO.- 


(b) Method of McKay From N-methyl-N-nitroso-N~-nitroguanidine 


NH NH 
® iS) I KOH I 
CH3NH3Cl + HJEN—C—NHNO, ——~> H,0O + NH3 + KCl + CH;NH—C—NHNO, 
Nitroguanidine NH ne, 
NH; + CO2° + NH,NO, + CH,N, <O8- eae 
Diazomethane N=O 
N-Methyl-N-nitroso- 


N’-nitroguanidine 


(c) Method of Backer From N-methyl-N-nitroso-p-toluenesulphonamide: 


p-MeCgH,S0,Cl Cs > p-MeCgH,SO,NHCH; “> p-MeCcH,SO;NCHs 


N=O 
H,0 + p-MeCgH,SO3K + CHyNo ene N-Methyl-N-nitroso- 
p-toluenesulphona 


Diazomethane : 
-mide 


1.2.2 Properties and Structure of Diazomethane 


At room temperature, diazomethane is a gas. It is a toxic substance and should be handled 
carefully. The structure of diazomethane is best represented as a resonance hybrid of the 
following resonance structures: 


ee eek see Aa 
® © ® . © 2 ® i) ee) 
CH,=N=N: <> CH,—N=N: <> CH,—N=N <> CH,—N=N: 
I II Ill IV 
Stability order of the canonicals: I > III > II >IV 


1.2.3 Uses of Diazomethane 
1. Diazomethane can be used to prepare methyl esters from carboxylic acids and 


methyl ethers from phenols. 
The reactions take place as follows: 


Wats 
i c ? 
R’ NOU GH,—N=N: 22> R% *\Ge bry fen 22 Sx2 va NOCH, 
A carboxylic acid A methy] ester 
OCH3 
a + GH,—S=n: -2ther> bas +>CH; —N=N S8> “eo 
Phenol Anisole 


(a methyl ether) 


It is to be noted that methylation by diazomethane requires an acidic proton. 
Alcohols cannot be directly methylated to get the corresponding methyl ethers 
due to non-acidic character of the hydroxyl hydrogen. However, alcohols can be 
methylated in the presence of Lewis acids like aluminium alkoxides. 


Mechanism: 
H 
R—OH PAKOEt); —> n-%_ Sonn, ~CHy“N=0 CH,CN=N 
+ 
AI(OEt); + R-O—CH, <582_ R— —OFAUOEt), 
A methyl 
ether 


Fluoroboric acid (HBF,) is a very good catalyst for primary alcohols. 
2. Aldehydes can be converted to methyl ketones and ketones can be converted to 
their higher homologues by using diazomethane. 


i t r r 
C. +CH.N,—@> _ & 5 S&S. +CH,N, > 
a a R’ ‘CH, Rk” “RO  *”? R” ‘CHR 
An aldehyde A methyl A ketone A higher 
ketone ketone 


In both the cases, an epoxide is formed as the side product. 
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68 
y . ‘0: : 


(4 Unj—Ny => @-o-R. sali, C 
R’ SH 2 2 | . —No,Sy2 R’ \CH; 


An aldehyde Hee A methyl ketone 
| 
A=) 
20: 
| > a DN 
An epoxide 
P a ‘i ‘d R&hift | 
RY NT Sa a 9 Ss oR” NCHLR 
A ketone CEG? A higher ketone 
| 
OF 0 
| @ _y, vo. 
R R 
An epoxide 


3. Ring expansion can be effected by using diazomethane. Cyclohexanone, for 
example, can be converted into cycloheptanone. 


9 
Oe a —> S' 1,2- —L2bond shih 5 _1,2-bond shift, YP 
Or < 
O 70: 


Hy-_N=N 
Cyclohexanone Gedo eens 
An epoxide is also formed as the side product. 


eee 


y CH N=N OCH; 


4. Synthesis of nitrogen containing heterocycles: Diazomethane reacts with alkenes 
and alkynes as a 1,3-dipolar compound to form pyrazoline and pyrazole derivatives, 
respectively. Pyrazoline is formed with ethylene and pyrazole is formed with 
acetylene. 


Nitrogen Compounds 1.21 


Q 
CH, H 
_ ON a han 
CHa ~ H 
Ethylene Pyrazoline 
Q 
CH H 
H A 2) 
| + ON: —> {Ww =%> Cn 
WA a a 
CH 7-2 Ny N 
Acetylene Pyrazole 


5. Cyclopropanone can be prepared by allowing ketene to react with diazomethane. 
CH,=Cc=0 —CHN: [=o 
Ketene Cyclopropanone 


Mechanism of the reaction: 


cH,—c£o CHy=c-46° 
~ \ + / Mis [S=0 
N=N—CH, Noy CH, 


6. Wolff rearrangement and Arndt-KEistert synthesis 

When an acyl chloride is allowed to react with excess (two molar equivalents) 
of diazomethane, a diazoketone is formed. This undergoes an intramolecular 
rearrangement, called the Wolff rearrangement, when heated with silver oxide 
to produce a less stable compound ketene. The ketene on hydrolysis gives the 
next higher acid. The conversion of an acyl chloride into its next higher carboxylic 
acid is known as the Arndt—Eistert synthesis. Since the acyl halide can easily be 
prepared from a carboxylic acid, therefore, a carboxylic acid (RCOOH) can easily 
be converted into its next higher homologue (RCH,CO,H). The overall process 
starting with the original acid is as follows: 


O 
I SOCl, I CH.N, (excess) I Ag,O/A 
R f \oH ether R # all ether R es \cHN; 
A carboxylic An acid chloride An a-diazoketone _ | Wolff- 
acd rearrangement 
RCH,CO,H <222— R-CcCH=Cc=0 <J 
A carboxylic acid A ketene 


(the next higher homologue) 
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Mechanism of the Arndt-Eistert synthesis (step 2 to step 4): 
. XS) 


P 1 I 


9 ® ® HCl Fax ® 
ae CH,—_N=N —> ae i pela =—_—+> C CH_N=N 
- cs Cl H 1,2-R-shift 


AgyO/A|—No 


RCH,CO,H 2" RCH=C(OH), <2 2 RCH=C—° <i Rp CH= 0-0 


*OH, A ketene 


Arndt—Eistert synthesis is applicable to a wide variety of compounds and can also 
be applied to compounds containing unsaturations. For example: 
CH,CH=CHCO,H 1. SOCI, CH;CH=CHCH,CO,H 


or 2. CH,N,(2 moles) or 
3. Ag,0/A 


O,N<XO)—CO;H 4,0 O.N—C))—CH,CO,H 


7. Diazomethane can be used to prepare cyclopropane and its derivatives. Thermolysis 
or photolysis of diazomethane produces methylene (carbene). It reacts with alkenes 
to form cyclopropane ring systems. 

Gu,N=n —_» -cu ; CH,= 
g*N=N —"—_> :CH) + Ny ;CH,=CH, + :CH, —> \/ 
Diazomethane Carbene Cyclopro- 
pane 

When photolysis of diazomethane is carried out in the presence of liquid cis- or 
trans-2-butene, the initially formed singlet methylene (which gets no chance to be 
converted into the relatively more stable triplet methylene) reacts stereospecifically 
to form cis- or trans-1, 2-dimethylcyclopropane. 


; CH, : (CHy 
20 + 1} CH» aaa He 9 eee ol aie H | > Henig Clim 
H,C7 CHs phase) 
cis-2-Butene H3C CH; H;C CH; 
TS. cis-1,2-Dimethyl 
cyclopropane 
CH, t CH, 


m yr CHg si . a 

70 —(* +f cH err He mI @) peeeeeee Citi CH yg) > Henic Cilinns CH; 

H (iquid 

phase) 4 “N “\ 

trans-2-Butene H3C H H3C H 

trans-1,2-Dimethyl 
-cyclopropane 
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® oO 
1.3. DIAZOACETIC ESTER (N==N—CH —CO0,Et) 


1.3.1 Preparation of Diazoacetic Ester 


® 
Diazoacetic ester or ethyl diazoacetate is also a stable compound containing — N=N 
group. It can be prepared by diazotisation of a cold solution of the hydrochloride salt of 
ethyl glycine ester with cold solution of sodium nitrile. 


NaNO a © 
H,NCH,CO,C.H; - HCl 7 N=N-—CHCO,C2H; + NaCl+H,O 
Hydrochloride salt Diazoacetic ester 
of ethyl glycine or Ethyl diazoacetate (85%) 


ester 


1.3.2 Structure and Properties 


The stability of diazoacetic ester may be attributed to extended resonance. Five resonance 
structures can be drawn for this compound. 


O O “OF 
e @ l| @ Oo II e @ | © 
-N=N=CH—C—OEt <-> :‘N=N—CH—C—OEt <-> :‘N=N=CH—C=OEt 


ie ® |" 
-N=N—-CH=C—OEt <> :N=N—-CH=C—OEt 


Because of extended resonance, diazoacetic ester is more resonance stabilized compared 
to diazomethane (containing only four canonical forms). At room temperature, diazoacetic 
ester is a liquid. 
1.3.3 Uses of Diazoacetic Ester 
1. Diazoacetic ester can be used to prepare glycolic ester. When boiled with dilute 
halogen acid, it eliminates nitrogen to form glycolic ester. 
N,CHCO,Et + H,O —“"> HOCH,CO,C,H, +N, 
When, however, diazoacetic ester is warmed with concentrated halogen acid, ethyl 
halogenoacetate is formed. For example: 
N,CHCO,C,H; + HCl —> C1ICH,CO.C.H; + No 
2. Diazoacetic ester reacts with compounds containing an active hydrogen. For 


example, it forms acetyl glycolic ester with acetic acid, and the ethyl ether of 
glycolic ester with ethanol. 
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CH,CO,H + NJCHCO,Et > CH,COOCH,CO,Et + Ny 
Acetyl glycolic ester 
C,H;OH + N,CHCO,Et —- C,H;0CH,COOC,H; + No 
Ethyl ether of glycolic ester 
Synthesis of nitrogen containing heterocycles: Pyrazoline derivatives can be 
prepared by allowing diazoacetic ester to react with ethylenic compounds. For 
example, it reacts with ethylene to form pyrazoline-3-carboxylic ester. 
CH, CO2C2H5 
+ NoCHCO.C2H; —> | 
oe 2 gUols XN 
H 
With acetylenic compounds, it forms pyrazole derivatives, e.g., with acetylene, it 
gives pyrazole-3-carboxylic ester. 


CH CO,Et 
—> |i | 
I + N,CHCO,Et an 
H 


When diazoacetic ester is allowed to decompose in the presence of benzene, 
cycloheptatrienecarboxylic ester is produced. Diazoacetic ester generates 
carbethoxymethylene (a carbene) when subjected to photolysis or pyrolysis. 


® () 
No—CHCO, Et" .;CHCO,Et +N, 


This carbene then adds to benzene to form cycloheptatrienecarboxylic ester. 


CIR scHco, Bt Z> cu—cowet —_ On 


Benzene Carbethoxy Cycloheptatriene- 
-methylene carboxylic ester 


SOLVED PROBLEMS 


Write down the reaction involved in the preparation of a primary amine 
from an alkyl halide or tosylate and NH,. Mention the side reactions for 
which the method is not useful synthetically. How can the yield of the 
1° amine (RNH,) be increased? 


Solution 


NH, PRCt > R—NH, +7 
NH, PROCOoTs 5-5 R—NH, + OTS 
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The conjugate acid of the amine then donates an H® to NH, liberating the free amine, 
RNH3. 


R-NH, H+ NH, —= R-NH, + NH, 
A 1° amine 
The nucleophilic 1° amine can react with more R-I or R-OTs to yield 2° and 3° amines 
together with same quaternary ammonium salt, resulting in a complex mixture. 
R-NH> PR (R—OTs) -*2> R,—NH, + (OTS) 
R.NH,+NH; —= RNH+NH, 


A 2° amine 
RNH ERO (R—OTs) _Sn2 > R,NH ge I°(OTS) 
ee on ® 
R;NH+NH, <= RN + NH, 
A 3° amine 


> RN + I% OTS) 


A quaternary 
ammonium salt 


RW PRC (R—-OTs) 


The yield of the 1° amine (RNH,) can be increased by using a large excess of NH3 to 
encourage its collisions with RI or ROTs and to discourage collisions of RI or ROTs with 
the 1° and 2° amines. 
2. Mention the type of halides which cannot be used to alkylate an amine. 
Give your reasoning. 


Solution The following halides cannot be used to alkylate an amine: (i) tertiary halides 
(due to steric reason they undergo elimination instead of substitution); (ii) vinyl and aryl 
halides (they do not undergo Sy? reactions unless activated by o- or p-substituted election- 
attracting groups like-NO., —NO, etc.) and (iii) neopentyl halides (due to steric hindrance, 
they do not undergo 8,2 reaction). 
3. Give suitable starting compounds from which n-butylamine can be 
prepared by reduction with LiAlIH,, H,/Pt or Na/EtOH. 


Solution All the compounds must contain four carbon atoms. 

LiAIH,: CH;(CH,),NO, (a nitro compound), CH;(CH,),CONH, (an amide), CH3(CH,), 

C=N (a nitrile), CH,(CH,),CH=NOH (an oxime) and CH.(CH,)Ns (an azide). 

H,/Pt: CH;(CH,),NO,, CH;(CH,),C=N, CH;(CH,),CH=NOH and CH;(CH,),N3 
Na/EtOH: CH,(CH,),C=N and CH,(CH,),CH=NOH 


Fo ite ep geese ea se gdiet equated ete theca donno Teresa Organic Chemie a Maurin Apnea, 
4, Provide the structures of the products of reductive-amination of 
(a) CH;CH,CH,CHO and (b) CH;CH,COCH,CH; with (i) NHs, (ii) EtNH, 
and (iii) Me,NH. 
Solution 
(a) (i) CH,(CH,),NHg, (ii) CH3(CH,),NHEt, (iii) CH3(CH,),NMe, 
(b) (G) (CH,CH,.)CHNHag, (i) (CH,CH,.),CHNHEt, (iii) (CH,CH,) .CHNMe, 
5. Mention the advantages of reductive-amination over the reaction of alkyl 
halides with amines. 


Solution Reductive amination gives the same types of products as does the reaction of 
amines with alkyl halides. However, successive aminations is more easily controlled in 
this case. By using a ketone, we get a product containing a sec-alkyl group. These amines 
cannot be easily synthesized by the ammonolysis of the 2° substrate RgC HX which, because 
of steric reason, many undergo E2 instead of Sy2. 
6. (a) Provide a reasonable pathway for reductive-amination. 
(b) Predict the product of the following reaction. What is the intermediate 
that is reduced? 
CH3CH,CHO + (J eS g 
H 


Solution 
(a) The reductive-amination takes place in two steps. In the first step, a Schiff base 
(or enamine) is formed. In the second step, the Schiff base (or enamine) is reduced 
in situ. Its reduction is relatively by more faster than that of the starting carbonyl 
compound. For example: 


—-H,O i 
Me,C=O + CH,CH,NH, ——Me,C=N—CH,CH, 22> Me,CHNHCH,CH, 


(b) CH,CH,CHO + JIN | CHLCHL CH, 
N 
H N-n-Propylpyrrolidine 

The intermediate is either a carbinolamine or the iminium ion formed from it. 


OH 
( ‘N—cHCH,CH, —— 


® 2) 
[_ ‘N=cH—cH,CH, + OH 
A carbinolamine An iminium ion 


7. Outline a synthesis of 4-methylpentanamine using the Gabriel synthesis. 
Give mechanisms of the reactions involved. 
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Solution 
CER O 
(ORS) Br. 
—Hy 2(-KBr) 
N-Isohexylphtha- 
Oo O O limide 
Phthalimide 
‘O° 
cl: EtOHA |NH,NH, 
NH—NH, 6) NH,NH, 


O O O 
O 
2 NH 
Ais OCe 
4-Methylpentanamine 6 


Phthalazine-1,4-dione 


8. Because of steric reason, ¢-butylamine and neopentylamine cannot be 
prepared by the action of NH, on the corresponding alkyl bromide. Show 
how can each be prepared from a carboxylic acid. 

Solution A carboxylic acid may be converted into a primary amine by converting it into 
an amide followed by Hofmann rearrangement or Hofmann degradation. 


Preparation of ¢t-butylamine: 


1. SOCI, Bry 


Me3;CCO.H NH. Me3;CCONH), KOH” Me3CNH, 
. 3 
2,2-Dimethylpropanoic t-Butylamine 
acid 


Preparation of neopentylamine: 


1. SOCI, Br, 


Me3;CCH,CO.H —?oNH. Me3;CCH»,CONH» KOH > Me3;CCH,NH» 
. 3 ; 
3,3-Dimethylbutanoic Neopentylamine 
acid 


9. Whenn-BuNH, is subjected to deamination with NaNO,/HCI, two butanols, 
two butenes and two butyl chlorides are obtained. Give a reasonable 
mechanism for the formation of these products. 
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Solution The following mechanism explains the formation of these products: 
MeCH,CH=CH, MeCH,CH,CH.NH» 


ty. snows ty MeCH,CH,CH,OH 
MeCH,CH- CHM, = MeCH,CH,CH,N, —Y 


KU * MAE TN 
U n LCF 5 MeCH,CH,CH,Cl 
MeCH=CHCH, MeCH,CH—CH,Ny 

nla He shitt| Np OH 
H H H,0: 
rs 4 rye > MeCH,CHCHs 

Me—CH*CH*CH, = MeCH,CHCH;— , ia 
-ne|b CC" Ss MeCH,CHCH; 


MeCH,CH=CH, 
10. Of a group of isomeric amines, the 3° amine has the lowest boiling point. 
Offer an explanation. 


Solution Intermolecular hydrogen bonding rises the boiling point of that compound. 
Primary (—NH,) and secondary amines (—NH—) can form hydrogen bonds, but tertiary 


amines (oN-) cannot. Therefore, tertiary amines have the lowest b.p. of a group of 
isomeric amines. 


11. Suggest a reasonable mechanism for each of the following reactions: 


Me 
(a) MeCOCH,Cl1 + CH,N, —~ CICH,COCH,Me + aan 
cicHy 


(b) Me,C(OH)CH,CMe,NH, —@2 Me,C=O + Me,C=CH, 
(c) PhCH=NHe —““,— PhCHO + MCNHMe 


2. H30® 
Solution 
om 
(a) Me fs e Me | Me O. 
» <0 4 CH,—N=N —> SoH, hs SoH 
CICH; CICH; on? CICH; 
ll 
GK once 
CICH,COCH,Me <——X2— C 


1,2-Me-shift aR 
1-Chlorobut-2-one = cIcHY, Ye 


Po AAS Ce Lene ee ee ce coe aoe ee eee mean wee mT nee NTP Teer enen ey enter NY emer eE wnt eerrE aT ene 
The migratory aptitude increases with increasing the electron-releasing property 
of that group. Since Me has a +I effect and CICH, a —I effect, the former migrates 
preferentially to give 1-chlorobut-2-one instead of 4-chlorobut-2-one 


oH oH 
(b) MeCCH,CMe,—NH, —EN®: 5 Me,CCH,CMe,-CN=N 
is 
HO 


Me,C=O + CH,=CMe,<— Me,C-4CH,Y CMe, 


Due to the presence of a B-OH group, the carbocation undergoes fission more easily 
(than removal of a proton) to give acetone and 2-methylpropene. 


ee ae 1 
(c) PhCH=NMe 3°Me“t -5825 <> phCH=NMegl S> = > PhCH—NMe, 
|: H® 
HO 


Ph—CH=0 + Me,NH <2 ph—CH--NHMe, 


12. How would you carry out the following transformations? 
Me Me 


| | 
(a) MeCH,CHCO,H —> MeCH,CH (CH,),CO,H 
/CH2—Br 


CH, 
\cH,—Br 

(c) O,NCH,CH,CH,CN —> (CH,),(NH,)» 

(d) O,NCH,CH,CH,CN —> O,N(CH,),NH, 


Solution 
si Me C ) Me 
(a) MeCH,CHCO,H S°°"> MeCH,CHCOCI Ooo, } a reatcieii 
o «(CNS 
Oo 

a aus COCHCH,Me <2 

Zn—Hg L 

conc. HCl MeCH,CHCO(CH»);CO2H <o5,0* 
Me 


MeCH,CH(CH,),CO.H 


ct estat es ek heehee (esses tee eee tee ee Organic Ghemisn a Maurin Appian, 
Since the length of the chain has been increased by six carbon atoms, a cyclohexene- 
enamine is used in the second step of this transformation. 
This conversion may be carried out by the standard method of stepping up the acid 
series by two carbon atoms at a time using diethyl malonate (DEM). 
Me Me Me 
NaCH(CO,Et), | 


| . 
MeCH,CHCO,H >> MeCH,CHCH,Br “2-00.82, eCH,CHCH,CH(CO,Et), 


ie i 
MeCH,CH(CH,),CO,H <2" MeCH,CHCH,CH,CO,H <+ as a 
3. A (-CO,) 


(b) This transformation may be carried out by using Gabriel synthesis. 


O O O 
1. KOH Me,NH 
om 2. ee a? N—(CH3)3NMey 
O O GO 


Phthalimide 


CO.H 
"+ HyN(CH,);NMey < 20% HOl 
ae’ 2)3 €2 hydrolysis 

CO.H 


(c) O,NCH,CH,CH,CN —““““> H,NCH,CH,CH,CH,NH, 


(d) O,NCH,CH,CH,CN —Yigt> O,NCH,CH,CH,CH,NH, 


13. How can you distinguish among CH,;NH, (a 1° amine), (CH3),.NH 
(a 2° amine) and (CH,),N (a 3° amine) using succinic anhydride? 
Solution When CH,NH, is hated with succinic anhydride, an imide is formed which is 
insoluble in H,O and H,0°. 


O 
O 
CH 9 ® 
| DO + CHsNH~*> [CH|NHCOCH,CH,COOCH;NHsI->(__N—CHs 
CH,—C A 1° amine 
Oe A salt b 
O 
Succinic anhydride An imide 
O 
CH, CO % “ 
ge + (CH3),.NH—> (CH3)2,.NCOCH,CH,COO(CH3).N Hg] 
CHC. A 2° amine A salt 


O 
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O 
CHC 
| eo + (CHs3)3N —>No reaction 
CH,—C \ A 3° amine 


The unreacted amine dissolves in dilute acid. 
® 
14. How would you distinguish between (a) m-Cl1Cg,H,NH, and PhNH,Cl°, 
® 
(b) _)—NH, and PhNH,, (c) PhNHCOCH, and PhNH,, (d) Me, NCI© and 


® ® 
Me, NHCI®, and (e) Me, NOH® and Me,NCH,OH? 


Solution 


(a) When a solution of AgNOgz is added to the chloride salt PhNH,CI°, a white 
precipitate is immediately obtained. 
PhNH,Cl°+ AgNO, —> AgCW. + PhNH,NO? 
(white) 
The other compound does not react with AgNOs. 
(b) Both compounds form a diazonium salt with NaNO./HCI at 0-5°C. However, the 


® 
salt PhNoCl° is more stable and gives a highly coloured azo compound (the so- 


called red dye) with alkaline B-naphthol. The salt cyclohexyl _NoCI® , on the other 
hand, is unstable and liberates N. detected by its bubbles. 

(c) Unlike acetanilide (PhRNHCOCHS), aniline (PhNH,) is basic and readily dissolves 
in dil. HCl forming a hydrochloride salt. 


® 

(d) When Me,NHCI® is heated with conc. NaOH solution, the volatile-free base Me,N 
is liberated. It is detected by the typical ammonia-like odour. The other compound 
does not react with conc. NaOH solution. 


® 
(e) Being a strong base aqueous Me,NOH® turns red litmus blue. It also produces a 
white precipitate of Ba(OH), with BaCl, solution. The other compound is a covalent 
aminoalcohol, and so, it does not respond to these tests. 


Ss Study Problems (° ——————— 


1. Which of the following amines can be prepared by the Gabriel synthesis? Which 
ones cannot? Give your reasoning. 


(a) Isobutylamine (b) p-Toluidine 
(c) N-Ethylbenzylamine (d) 2-Phenylethylamine 
(e) tert-Butylamine (f) n-Butylamine 


[Hint: (a), (d) and (f) can be prepared by this method.] 


10. 


11. 
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Outline synthesis of each of the following aryl-amines from benzene: 

(a) m-Aminoacetophenone (b) p-Bromoaniline 

(c) p-Isopropylaniline (d) N-Ethylaniline 

(e) 4-Isopropyl-1,3-benzenediamine 

Deamination of 2,2-dimethyl propylamine, Me,CCH,NHb), by HNO, gives the same 
products as being formed from 1,1-dimethylpropylamine, CH3;CH,C(CH3).NHs5. 
Suggest a mechanistic explanation for the formation of common products from 
these two amines. 

MeCONHMe does not undergo the Hofmann amine preparation reaction, offer an 
explanation. 

Identify A through E in the following sequence of reactions: 


PhSO,Cl + CH,CH,CH,NH, #0! 5a _Na0H_,p EtBr_¢q__Hs0" nig 


When (A)-2-methylbutanamide is treated with Br./KOH, an optically active 

amine is obtained. Give the structure of the amine including its stereochemical 

designation and the mechanism for its formation. 

Predict the product expected to be formed when phenol is allowed to react with 

HCHO and Me,NH. 

{Hint: This reaction (aminoalkylation) is a special case of the Mannich reaction.] 

What kind of reagents are to be used to form the conjugate base of an amine? 

[Hint: Strongly basic compounds such as n-BuLi, NaH or RMgxX and active metals 

such as Na or K.] 

Explain the following observations: 

(a) N-Nitrosoamines (RNHN=O) are insoluble in aq. HCl. 

(b) An amine (RNH,) is more basic than an imine (RCH=NR) which, in turn, is 
more basic than a nitrile (RC=N:). 

(c) Aniline cannot be prepared by Gabriel synthesis. 

(d) Formic acid acts as a reducing agent in the Esch weiler-Clarke Synthesis. 

(e) (S)-2-Methylbutanamide reacts to Br./KOH to form (S)-sec-butylamine. 

(f) Aryldiazonium ions are more stable than alkyldiazonium ions. 


® 

(g) MesNCH,CH,.NHz, is a weaker base than Me,CCH,CH,NHg. 

Compare the basicities of (a) HC=CCH,NH,, CH,=CHCH,NH, and 
CH,CH,CH,NH, and (b) PhCH,NHy, p-NO,C,H,CH,NH, and ( _)—CH,NHy. 
How would you carry out each of the following transformations? 


(a) Me,CCl —> (CH,),CCH,NH, 
(b) CH,CH,CH,CH,OH —> CH,CH,CH,CH,CH,NH, 


() < )-OH —> ( )—NHCH, 


(d) CH,CHOHCH, —> CH,CHOHCH,NH, 
(e) CH,CHOHCH, —> CH,CHOHCH,NMe, 
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12. Write down the three isomeric amines represented by the molecular formula, 
C3H,N. How can these amines be distinguished by a chemical method? 


1.4 NITRO COMPOUNDS (ALIPHATIC AND AROMATIC) 


1.4.1 Preparations 


1.4.1.1 Preparations of Aliphatic Nitro Compounds or Nitro-alkanes 


1. From alkyl halide Whena primary or secondary alkyl halide (mainly RBr or RI) dissolved 
in dimethyl formamide (DMF) is allowed to react with sodium nitrite, a nitroalkane is 
obtained. To increase the solubility of NaNOz, some urea is added to the reaction medium. 
If dimethyl sulphoxide (DMSO) is used as a solvent, the addition of urea is unnecessary. A 
small amount of alkyl nitrite is also obtained. 

R—Br + NaNO, ME, R-NO, + R—ONO + NaBr 

1° or 2° Nitroalkane Alkyl nitrite 

(major) (minor) 


Primary nitroalkanes can also be prepared by heating on alkyl halide with silver nitrate 
in aqueous ethanolic solution: 


aqueous 


RX + AgNO, 2%°“'5 RNO, + RONO + AgX 


ethanol 
1° (major) (minor) 


Mechanism: 

When the reaction is carried out with NaNO, in DMF or DMSO, the reaction takes place 
by an Sy2 mechanism. NO is an ambident nucleophile which can attack a substrate 
through nitrogen or oxygen atom. Since the N-atom is relatively larger and less electro- 
negative, i.e., more polarisable than the O-atom, attack by NO§ on carbon occurs through 
nitrogen to yield nitroalkane as the major product. 


44 
R 
Q R 0 | . . 
DH ic Shr 22> | SAG] > SAG + BP 
2 VA He BY S \ AL \ 2 
0; I O 
if H “H | 


2. From qa-halogeno acids When the sodium salt of an a-halogeno acid is heated with an 
aqueous solution of sodium nitrite and the resulting mixture is acidified, an o-nitro acid 
is obtained. The nitro acid, when heated, eliminates CO, to produce a nitroalkane. For 
example: 


D8 umnunnnnnnnnnnnnnnnannanuannnannanuunnannanannanee Organic Chemistry: A Modern Approach 
GOONa COONa op 
ng O=N—0F F°CH, C1 22> NaCl + CHy RC te) 
. | 
fe oO | 
ou ou ou \o>”>W 
CH NC SRS CHENG <BS CH=NC | LE Jo 
O OH 0° Xi e/ 
| 
L OF 2] 


3. By vapour phase nitration of alkanes When a mixture of gaseous alkane and HNO, 
vapour is heated to 400-—475°C, nitroalkanes are obtained. For example: 

CH, + HNO, —““" > CH,NO, (Nitromethane) + H,O 
Alkanes containing two or more carbon atoms undergo C—C bond cleavage to produce a 
mixture of nitroalkanes. For example: 


CH;—CH; + HNO; “22> CH,CH,NO, + 


Ethane Nitroethane 


CH3NO>, 
Nitromethane 


1.4.1.2 Preparations of Aromatic Nitro Compounds 


1. By nitration of aromatic compounds Aromatic nitro compounds are prepared by nitrating 
a suitable aromatic compound with any one of the following nitrating agents. 

(a) mixed acid (conc. HNOgz + conc. H,SO, or fuming HNO, + conc. H,SO, or fuming HNO, 
+ fuming H,SO,), (b) conc. HNO; dissolved in glacial acetic acid or nitromethane, (c) 
acetyl nitrate (conc. HNO, dissolved in acetic anhydride) and (d) nitronium salt dissolved 
in organic solvents (e.g., nitronium perchlorate, NO$C1O?; nitronium tetrafluroborate, 


@ 
NO,BF¢, etc.). 


Examples: 
NO» 
(i) conc. HNO; + conc. HySO, > 
50-60°C 
Benzene Nitrobenzene 
NO. NO, 


(ii) 


fuming HNO; + conc. H,SO4 


a 


Nitrobenzene 


100°C 


OL 
NO, 


m-Dinitrobenzene 
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CH; CH; 
NOz fuming HNO, + fuming H,SO, ; OoN NO, 
(iii) 
NO, NO, 
2,4-Dinitrotoluene 2,4,6-Trinitrotoluene 


Mechanism of the reaction: In this electrophilic aromatic substitution, the nitronium 
® 
ion (NO,) acts as an electrophile. 
® 
HO—NO, + 2H,SO, == NO, + H,0° + 2HSO¢ 


The reaction proceeds through the steps as follows: 


—— H H 2 JH 
Step 1: Cr+ No, Slow 5 CE No, <—, (No a (Sno, 


o-complex 
oO I NO, 
Step 2: (No, « FSO? Bs or + H,SO, 
Nitrobenzene 


It is to be noted that the presence of hydroxyl group (-OH) in the benzene ring activates 
the ring to such an extent that treatment of phenol even with dilute HNO, at ordinary 
temperature gives a mixture of o- and p-nitrophenol. 


OH OH 
F NO 
dil. HNO 2 
Cy atm, CN 
NO, 


Phenol o-Nitrophenol p-Nitrophenol 


2. From diazonium salts Fluoroboric acid reacts with arenediazonium chloride to form 
arenediazonium fluoroborate. The resulting salt is then decomposed in the presence of 
aqueous solution of NaNO, and Cu powder to yield the corresponding nitro compound. 


Example: 
N,Cl N,BFS NO, 
HBR, CF CuINaNO, CF 
Benzenediazonium Benzenediazonium Nitrobenzene 
chloride fluoroborate 


3. From aromatic amines Aromatic amines can be oxidized by trifluoroperacetic acid to the 
corresponding nitro compounds. 
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Example 
NH, NO». 
CF;CO3H 
[O] 
Aniline Nitrobenzene 


1.4.2 Reactions 


1.4.2.1 Reactions of Aliphatic Nitro Compounds 


1. Reduction Nitroalkanes undergo reduction through the following steps: 


R—NO, ——> R—N=O ——-> R—NHOH ——-> RNH, 
Nitro Nitroso Substituted 1° Amine 
compound compound hydroxylamine 


The nature of the product depends on the reducing agent used and the pH of the reaction 
medium. 


e Reduction in acid medium: Reduction of nitroalkanes with Sn, Fe or Zn and 
concentrated HCl gives primary amines. 


Example: 


CH,NO, “Sam CH; NH, 


Nitromethane Methylamine 


e Reduction in neutral medium: Nitroalkanes, when reduced by heating with zinc 
dust, NH,Cl and 50% EtOH, yield N-alkylhydroxylamine. 


Example: 


C,H;NO, oo > C,H;NHOH 


Nitroethane N-Ethylhydroxylamine 


e Identification of nitroalkanes by Mulliken-Barker test: The nitro compound is 
boiled with zinc dust and NH,Cl in 50% ethanol. The resulting solution is filtered into 
a freshly prepared Tollens’ reagent. Appearance of a black or grey precipitate or a 
silver mirror indicates the presence of a —-NO, group. 


RNO, + 4H — RNHOH + H,0 
RNHOH + 2[Ag(NH;),]0H —> RNO + 2AgV + 4NH; + 2H,O 
This test is applicable also to the aromatic nitro compounds. 
2. Nef carbonyl synthesis When the sodium salt ofthe acinitro form of 1° and 2° nitroalkanes 


are treated with 50% H,SO, at room temperature, aldehydes and ketones are obtained 
respectively. Tertiary nitro-alkanes do not undergo this reaction due to lack of a-H atom. 
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Examples: 
(i) 
oe 
CH,NO, —= cH NaOH, OH, = aC " HiS0., HCHO + NaHSO,+ H,O 
OH ONS 
Nitromethane (Acinitro- Formaldehyde 
(Nitro-form) form) 
O° O° 
Gi) (CH)gCH— No —(CH,0= 86 NaOH (CHyC=8C H,SO, 
2-Nitropropane OH O Na 
(Nitro-form) (Acinitro-form) 
(CH3),C—==O + NaHSO, + H,O 
Acetone 
Mechanism of the reaction: 
. RS) 
O: OH 
(CH3),.C= aC © iti, (CH,).0= RC CoH SEs . (CHiy,C AC (2S 
ONa OH OH 
O7-H 
® 
(CH;),C-N= 6H<*#"(CH;)0C-N=O <O(CH,),0N =0<#* cHy,cHi 
| “OH, Cn, 


OH 
va OH OH 
(CHs)COOW)-N=O . (47,),0-CN—N—C(CHa)p "> (CH,),C=0 + fav Hse 

0 O OH Acetone 
H 


H,O + N,OT ~ [HO—N=N—OH] + (CH3)oC=O <=” HO-N= pane 
Acetone 


3. Henry reaction Anions adjacent to a nitro group have many similarities to enolate 
anions. They are formed using similar bases and are stabilized by delocalization of charge 
onto an electronegative atom. 


C=N. | +BH 
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These anions can add to a carbonyl group in a process similar to mixed aldol reaction. 
Addition produces a hydroxy compound usually dehydrates to give an a,f-unsaturated 
nitro compound. This nitroaldol reaction is known as Henry reaction. 


Example: 


CH,NO, + PhcHO 202° _, phcH=CHNO, 


Mechanism of the reaction: 
O 3 
= 1 iO; 


: a 16) O: 9 | 
O\ @ fal ‘On? \e \y—éH, Ph” \Hy O,N—CH,—CH—Ph 


N—CH, =" N+=CH,<~> 
0:7” > 96% . % 7 
= - OH 
OH H OH 
OH® Oo Tae. bs Oa | 
O.N—CH=CH—Ph 22” SN=SCHYCH—Ph< 28 “SN-“CH—CH—Ph 
6:7 0% 


4. Michael addition The conjugate base of a nitroalkane reacts with an «,f-unsaturated 
carbonyl compound to produce a Michael addition product. 


Example: 
CH»—NO, 
CH,=CH—CHO + CH;NO, “22> CH,CH,CHO 
Aeraldehyde Nitromethane Michael addition 
product 


Mechanism of the reaction: 


H ) iF 
O.9 du, ue» xp cegromaOl | 
9% 


“CH, +:GH®° > A§Lcq, SS, 0,NCH,CH,—CH=CH 


:QO: 
[0 on 


O,NCH,CH,CH,CHO “2% 0,NCH,CH,CH=CH + OH 


5. Hydrolysis (i) When a primary nitroalkane is boiled with concentrated HCl or 85% 
H,SO,, it undergoes hydrolysis to yield a carboxylic acid and hydroxylamine. This is the 
most simple and cheapest process for the manufacture of hydroxylamine (NH,OH). 
Example: 


CH,CH,NO, —a7i-s0 hear? CH;CO,H + NH,OH (salt) 
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Mechanism of the reaction: 


OH 
sek tautom.. CH.CH=N = CH,cCH=8” 
Sd a ‘3 
6) re 
f-OH 
yoo 
9H 
CH,—C==N—OH <=1* ee <2 oH,CH=SN . 
OOH 
2 


CH;-C=N—OH == 


calies 
@ 3. 
= CHy—(—NHOH aia La CH; NHOH ae 


OH :O: ®OH 
OH OH, 

nae ave NH,OH <— CH,— 81,01 ee CH;—C—NHOH 
:O—H OH 


CH;CO,H + NH,0H 


(i) Secondary nitroalkanes are reduced by boiling with conc. HCl to produce ketones 
and nitrous acid. 
2Me,CHNO, —““#" . 2Me,C=O + N,O + H,O 


(ii) Tertiary nitroalkanes do not undergo hydrolysis by conc. HCl or conc. H,SO,. 


6. Reaction with nitrous acid Primary, secondary and tertiary nitroalkanes can be 


differentiated by their reactions with nitrous acid as follows: 
(i) Primary nitroalkanes react with HNO, to form nitrolic acid (a crystalline compound) 


which dissolves in NaOH to give a red solution. 


N—OH N—O° N& 
RCH,NO, + HNO, 22> RC OE. R= oG 
NO, NO, 
Nitrolic acid (a red-coloured salt) 


1° nitroalkane 
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Mechanism of the reaction: 


2) = 
HO—-N=o 4—= H,6-N=0 222 No 
O° ‘Of O 
R cH. AC —= R CHA NSO, R—CHRC 
0 OH |_9 OCH 
1° nitroalkane (acinitro-form) J 
(nitro-form) [po 
O O 
R—C-R% tattoms ROHN 
| Noe | Noe 
oe O=N oe 


\ou 
Nitrolic acid 
(ii) A secondary nitroalkane reacts with nitrous acid to form pseudonitrole. It is a 
colourless crystalline compound which dissolves in sodium hyroxide to give a blue 
solution. The nitroso group (-NO) present in pseudonitrole may be responsible for 
the blue colour. 


"Gao. + HNO, 22> Ne NO a9. NaOH, Blue colour 
RY’ R’ \NO, 
2° nitroalkane Pseudonitrole 
(ii) A tertiary nitroalkane does not reacts with nitrous acid due to lack of a-H atom. 


1.4.2.2 Reactions of Aromatic Nitro Compounds 


1. Reactions of nitro group The most important reaction of the nitro group in nitrobenzene 
is its reduction. This takes place through the following steps: 


Ph-NO, —> Ph-N=O —> PhNHOH —> PhNH. 
Nitrobenzene Nitrosobenzene Phenyl hydroxyl Aniline 
-amine 
The nature of the product depends on the reducing agent and the concentration of hydrogen 
ions in the reaction medium. 


e Reduction in acidic medium: Sn/HCl, Fe/HCl or Zn/HCl or ACOH reduces 
nitrobenzene to aniline. 


NO, NH, 
CO  O 
Nitrobenzene Aniline 


e Reduction in neutral medium: When nitrobenzene dissolved in 50% ethanol is 
warmed with Zn dust and NH,Cl, it is reduced to phenylhydroxylamine. 
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NO, NHOH 
Zn dust/NH,Cl > 
50% ethanol, A 
Nitrobenzene Phenylhydroxylamine 


e Reduction in alkaline medium: Depending on the nature of reducing agents, 
nitrobenzene gives different reduction products such as azoxybenzene, azobenzene 
and hydrazobenzene. 

(i) When nitrobenzene is reduced by zinc dust and methanolic solution of NaOH, 
initially azoxybenzene and finally azobenzene are obtained. 


NO» Zn dust N=N N=N A 
2 cr methanolic NaOH > CY tS — Cr 1@ 


Nitrobenzene Azoxybenzene Azobenzene 


(ii) When nitrobenzene is reduced by Zn dust and aqueous solution of NaOH, 
hydrazobenzene is obtained. 


NO, Zn __%ndust NH—NH 
2 aqueous Paquesus NaOH” 
Nitrobenzene Hydrazobenzene 


e Reduction by LiAIH,: Lithium aluminium hydride reduces nitrobenzene to yield 


azobenzene. 
Opno, > Owen 


Nitrobenzene Azobenzene 


It is to be noted that the reduction of aliphatic nitro compounds with LiAlH, gives the 
corresponding amines. 


e Hydrogenation: Catalytic hydrogenation of nitrobenzene under pressure gives 


aniline. 
NO 2 NH» 
H,/Raney Ni 
> 
30 atm 
Nitrobenzene Aniline 


2. Substitution reaction in benzene ring Since the nitro group (—NO,) is meta-directing, in 
electrophilic substitution, the incoming substituent enters mainly at the meta-position. 
The rate of electrophilic substitution in nitrobenzene is much slower than that in benzene 
because the electron-attracting -NO, group reduces the electron density of the ring. 


Example: 
NO, NO, 


fuming HNO; > 
fuming H,SO,, 90°C NO, 


Nitrobenzene m-Dinitrobenzene 
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Because of decreased electron density of the ring, nitrobenzene undergoes nucleophilic 
substitution reaction. Attack by the nucleophile occurs easily at the relatively electron- 
deficient ortho- and para-positions. 


Example: 
NO, NO, NO, 
OO ate Cr 8s Co 
fused in air 
Nitrobenzene o-Nitrophenol 


von Richter reaction (a nucleophilic substitution with rearrangement) When a meta- 
or para-nitrohalobenzene is heated with aqueous-alcoholic potassium cyanide above 
150°C, the —NO, group is lost and a -COOH group is introduced at the position ortho to 
the —NO,j group (a cine substitution). This nucleophilic substitution with rearrangement 
is called von Richter reaction. 


Examples: 
NO, CO.H NO, CO,H 
(i) KCN, VON HO. (ii) KCN, EtOH— KCN, EtOH —H,0, : 
i 150°C ii Sire + o-isomer 
Br Br 
Mechanism of the reaction: The mechanism of the reaction involves the steps as 
follows: 
Ge LG “0 i 262. NH 
Na SNA n-~O~0--NH O=enx“NHe 
Cx 
oo <7 hos, (oy 
Br Br 
v 
Aare) 
ade | nad, go Hy a, aes: 
OH ‘c=0 
= 
oA cr 
Br Br Br 
ps 
O 
g d CO.H 
i ee 
Br Br 


m-Bromobenzoic acid 
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Detection of aromatic -NO, group using nitrobenzene 


1. Reduction test When nitrobenzene is reduced by heating with Sn and conc. HCl, aniline 
is obtained. The resulting solution is diazotized. A few drops of this solution is added to 
cold alkaline solution of B-naphthol — a 7 scarlet red-azo _ is obtained. 


NO, NH 
0°) na 
Sn/HCl , NaNO 
oe [H] oe ees “a CI” A os Las i 
0-5°C 
Nitrobenzene 1-phenylazo-2-naphthol 


(salt) 
[red azo-dye] 


It is a test for the identification of aromatic primary amino (-NH,) group. As the —NO, 
group is reduced to -NH, group, it may be regarded as an indirect test for the detection 
of —NO, group in the benzene ring. This test cannot be used for the detection of -NO, group 
in the presence of -NH. group. 


2. Mulliken-Barker test This test (already discussed) can be used for the detection of -NO, 
group, when —NH, group is also present in the benzene ring. 


SOLVED PROBLEMS 


1. Explain why nitromethane is soluble in NaOH solution. 


Solution Due to presence of acidic a—H (the conjugate base is resonance-stabilized), 
nitromethane reacts with NaOH to form the corresponding sodio-salt. Because of this, it 
is soluble in NaOH solution. 


H A’ [" few Al 
N2#:0H® GHC =— CHAK <> dC N8+H,O 
o° k O° O° 
Nitromethane Conjugate base 


(stabilized by resonance) 
2. Mention an important limitation of the Mulliken-Barker test. 


Solution This test for the detection of —NO, group is not applicable to an organic 
compound which already contains any other reducible functional group. For example, if 
an aldehyde (-CHO) group or an a-hydroxyketo [-CH(OH)CO-] group is present in any 
organic compound, then the Mulliken—Barker test for the identification of -NO, group 
cannot be used and this is because an aldehyde or an o-hydroxyketone reduces Tollens’ 
reagent to give a precipitate of silver. 


| @. 178 
C [Ag(NH3)2|'OH > C—COO? £ Agl 


Via #0 
R H Salt of carboxylic 
An aldehyde acid 
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I I 
[Ag(NH3)9\°OH® j 
> C RR + Agl 
R’ \cHOHR RY ‘er 
O 
An a-hydroxyketone A 1,2-diketone 


3. Which out of nitrobenzene and aniline is soluble in dilute HC] and why? 


Solution Unlike nitrobenzene aniline form hydrochloride salt with dil. HCl and because 
of this it is soluble in dil. HCl. 


(<O>-Ne, FH = (-NE cf 


Aniline Aniline hydrochloride 
(soluble in water) 
4, Whyisnitrobenzene not easily oxidized? Mention an important application 
of nitrobenzene based on this property. 


Solution Due to electron deficiency of the benzene nucleus, nitrobenzene is not oxidized 
even by strong oxidising agents. Also, due to dipolar nature, its boiling point is much 
higher. Hence, ritrobenzene can be used as a solvent in oxidation reactions carried out at 
higher temperature. 
5. How would you prepare 2-bromo-3-methylbenzoic acid which is otherwise 
very difficult to prepare by usual substitution reaction? 


Solution This can be easily prepared by bromination of p-nitrotolune followed by the von 
Richter reaction of the resulting 2-bromo-4-nitrotoluene. 


NO, NO, 
Br./Fe KCN CO.H 
wt > er 
: EtOH—H,O 
Br reflux Br 
CHs CHs CHs 
p-Nitroaniline 2-Bromo-4-nitro- 2-Bromo-3-methylbenzoic 
toluene acid 


6. Suggest a mechanism for each of the following reactions: 


® 
(a) Me,CHNO, + HCHO + EtNH, —““~> 0,NCMe,CH,NH,EtCl° 


(b) CH,NO, + HCHO —22="2°_, HOCH,CH,NO, 


CH;  CO,Et CH,COCO,Et 
© CIE + FO om, Ee yHHCOCOE 
NO,  CO,Et NO, 
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Solution 


(a) 


OH 
o Y : : 
Be His Chea HO—CH,—NH,Et => H,62CH,“NHEt 
Ww \H H’ \H [0 


(CH, NHEt <> CH,=NHEt] 


O {OH Ge NO, NO, 
Me,CH-N’ —=Me,C=X (-SRENBE ec ELS Mec” 
Noe Noe = \CH,NHEt @ e) 
2 CH,NH,EtCl 
He tip (P sal 
O 30 O C 
eS oe 9 a4 vA \y 
(b) GRA 08, lop, =n’ <> Gn,—N’ | HO#, 8—-cH,cH,No, 
Noe Noe Noe 
L O OP ~~ 
OH® + HOCH,CH,NO, 
(c) CH A ne Hp CH Eto” *\co,Et 
aco > Bg we > CL 90 
oe ‘O°? Noe 


:0° 
& 
CH,COCO>sEt CH»—C—COsEt 
Che,tCO 
NO, No, ‘OEt 


CC !WdJSTTSoSyyo—— Study Problems 


1. Nibrobenzene is a high-boiling liquid—why? 

2. 2, 4, 6-Trinitrotoluene can be easily prepared by nitrating tolune. However, it 
is very difficult to obtain 2, 4, 6-trinitrobenzene by direct nitration of benzene. 
Explain. 

3. How can you detect the -NO, group is p-nitroaniline? 

4. When RCI is separately treated with KNO, and AgNO,, product compositions 
differ in major products. Give an explanation. 

5. A nitroalkane (C;,H,NO,) reacts with HNO, to form a colourless compound which 
turns red when NaOH solution is added. Predict the structure of the nitroalkane. 

6. How can you demonstrate that nitromethane (CH,NO,) the carbon atom is directly 
linked to the nitrogen atom? 
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7. Nitromethane is acidic in nature, but trimethylnitro-methane is not. Explain. 

8. The —NO, group in nitrobenzene is meta-orienting in electrophilic substitution 
reaction while it is ortho-, para-orienting in nucleophilic substitution reaction. 
Explain. 

9. Why does preparation of nitrobenzene necessitate strict control of temperature? 


1.5 ALKYL NITRILES AND ISONITRILES 

1.5.1 Preparations 

Alkyl nitriles or cyanides 

1. From alkyl halides Alkyl halides (particularly RI), when heated with ethanolic aqueous 


solution of KCN or NaCN, yield alkyl cyanides predominantly. A small amount of alkyl 
isocyanide is also obtained. 


Example: 
C,H;I + KCN —5—"> (C,H;CN + KI 
Ethyl iodide Ethyl cyanide 


The yield of alkyl nitrile from 1° or 2° alkyl halide is found to be quite satisfactory. However, 
when 3° alkyl halide is used, mainly alkene is obtained through elimination reaction. 


Mechanism of the reaction: 
cS) C) 
The ambient nucleophile CN° (:C=N:0:C=N:) attacks the substrate through the more 


polarisable (less electro-negative and larger in size) carbon atom giving alkyl cyanide or 
nitrile. 


[ 74 
u CH, CH, 
3 OC S,2 oO | o- 
N=C4 aC 4+ > can Aa —_ N=C—Ctm.. 7 +[° 
H H H | H 
T.S. 


2. From acid amides When acid amides are heated in the presence of phosphorus pentoxide 

(P,O;) or thionyl chloride (SOCI,), alkyl cyanides are obtained. 

Example: 

SOCI, or P,0;/A 
(-H,O) 


CH,CONH, > CH,—C=N +H,0 


Methyl cyanide 


3. From aldoximes When aldoximes are heated with P,O; or acetic anhydride, alkyl 


cyanides are obtained. 
Example: Sacekee 
CH;CH=NOH —~ ao CH;—C=N + H,O 


Acetaldoxime Methyl cyanide 
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4. From carboxylic acids Alkyl cyanides can be prepared on a large scale by passing a 
mixture of carboxylic acid vapours and NH, over alumina heated to 500°C. 


Example: 
CH,COOH + NH, —> CH;COONH, —22)> CH,CN +2H,0 
Acetic acid Methyl cyanide 


5. From Grignard reagent Cyanogen chloride (CICN) reacts with Grignard reagents to yield 
alkyl cyanides. This method is very much suitable for the preparation of tertiary alkyl 
cyanide because these cannot be prepared from 3° alkylhalide by the action of CN® (Sy2). 


Example: 
(CH3)3CMgCl + CICN 22288" 5 (CH,)sCCN + MgCl, 


tert-Butylmagnesium tert-Butyl cyanide 
chloride 


Alkyl isonitriles or isocyanides 


1. From alkyl halides Alkyl isocyanides can be prepared by heating alkyl halides 
(particularly alkyl bromide or iodide) with aqueous ethanolic silver cyanide solution. 
Example: 
(CH3),CH—I + AgCN ove (CH;),CH—NC + Agl 
Isopropyl] iodide Isopropyl isocyanide 


Mechanism of the reaction: 
In the presence of AgCN, silver halide is precipitated, and as a result, a carbocation is 
formed from RI. The reaction, thus, follows an Sy1 pathway. In the ambient nucleophile 
) ce) 
CN°(:C =N: © :C=N:), the smaller and more electronegative N-atom is less polarizable, 
and therefore, it attacks the carbocation forming an alkyl isocyanide as the major product. 
GC ® Qe. a 
RI: PAeCNe —> Ry}—Ag CN® "> Ag) +R + :C—=N° —> R-N=C: 


®@ 9 
R—N=C: 


2. From primary amines When primary amines are heated in the presence of chloroform 
and alcoholic potassium hydroxide solution, alkyl isocyanides are obtained. This reaction 
is called carbylamine reaction. 


Example: 
@® 9 
CH3NH, + CHCl; + 3KOH saan CH;—N=C: + 3KCI1 + 3H,O 
Methylamine Methyl isocyanide 
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Mechanism of the reaction: 
ofl 
-OH® + H-Oc1,—> H,0 + COcl => :cCl, (dichlorocarbene) 
a Cl 


1 
a 


Cl 
oh 9 ‘One® 36 iS) 
CH, NH, 22CCl —> CH,—StH-C’ Fs H,0 + CHNESG 
qGoN x 
af Cl 


Cl 
[oe 
H 


a 


H,0 + [CH;-N=C: <> CH;-N=C] <“_ cH;-N+C-(1 


3. From N-alkyl formamide When JN-alkylformanides are dehydrated by phosphorus 
oxychloride in the presence of pyridine, alkyl isocyanides are obtained. 


Example: 
CH,NHCHO “eee CH;NC 
N-methyl formamide Methyl isocyanide 
Mechanism of the reaction: 
O 


Niet Cli. sei? a u 


SF 


3 #) yy 3 K Prd S 
O 


oe 2 | 
OPOC] + PyH + CH;—N=C <5 CH, Nc-O—R~c1 
ONG 
1.5.2 Reactions 
Alkyl nitriles or cyanides 


1. Hydrolysis Alkyl cyanides are hydrolysed by acids or alkalis to the corresponding acid 
via the intermediate formation of an amide. 


Example: 
© , OH9H,O,A H,0°/A = 
NH; + CH3CO9 (aq, NaOH) CH3CN (ail. HCD > CH3;CO,H + NH, 
Acetate ion Acetic acid 


2. Alkyl cyanides react with alkaline H,0, to yield amides. 


Example: 


CH,CN 222222" _, CH,CONH, + 0, + H,O 
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Mechanism of the reaction: 


H—O—0-_Hs :OH® —> H,0 + HOO® 


a “) 
CH;—C==N CH,—C=N° \, a va 
+ — > | -H-OH 5 CH;—C=NH Ho > CH;—C—NH, + H,0 
S0—OH O—OH ae : | 


3. Thorpe nitrile condensation Base-catalyzed condensation between two cyanide 
molecules, where the a-carbon of one molecule is added to the cyano carbon of the other, is 
called Thorpe nitrile condensation or simply Thorpe reaction. The initially formed imino- 
nitrile is readily tautomerized into the more stable enaminino-nitrile. 


Example: 
NH H, NH Hs 
CH;CH,C=N + CH3CH,CN “28Et > CH;CH,C—CH—CN = CH;CH,C=C—CN 
(imino-nitrile) (enamino-nitrile) 


When the reaction is carried out intramolecularly, the method is called the Thorpe-Ziegler 
reaction. This is a useful method for preparing large rings (5- to 8-membered). 


CH,—C=N CH—C=N CH—C=N 
(CHy), BUH» (CH), tautom. (CH), 
n=2tod 


Mechanism of the reaction: 


H i ‘N° 
Ee IP orn | 


C “> = CH eet > CH,-CH—C—CH,CH 
cHY <c=N cHy ‘No. ae 
we = 
[exc 
rs ‘a 
CH,—C=C—CH,CH, “= CH,—CH—C—CH,CH; 
CN CN 


Enamino-nitrile Imino-nitrile 
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Alkyl isonitrile or isocyanides 


1. Hydrolysis Alkyl isocyanides undergo hydrolysis only by dilute acid to yield primary 
amines and formic acid. Dilute alkali has no action on alkyl isocyanides. 
Example: 
oo: dil. HCl 
CH;—N=C: ————> CHsNH, + HCO.H 
Methyl isocyanide Methylamine — Formic acid 
(a 1° amine) 

Mechanism of the reaction: 


Q ae ®@ _y® 
cH,_N=6¢ 2@cn, N= cH: cu, _N=cH—O6H, = cH,-N=CH—OH 


is ® ® H® ® cS) | 
[CH;-NH—CH=-0H<> CH;-NH=CH—OH]<4— |CH; -NH=CH—O 
CH,—NH—CH=O 


10 AH ee oe 
® ® ® 
> CH;—NH—CH, =H > CH;—NH, CHL —H-; CH,—NH, + HCO,H 
OH, OH 


2. Reduction Isocyanides are reduced catalytically to 2° methyl-amines. 
Example: 
@ 2 H./Pt 
CH3s—N=C: —— > CH3NHCH3 
Methyl isocyanide Dimethylamine 


1. Explain why alkyl isocyanides do not undergo hydrolysis by alkali. 


Solution Thecarbon atom of the —NC group is an alkyl isocyanide bears a negative charge, 
and so, it cannot coordinate with the OH® ion. Again, the outer shell of the tetracovalent 
positively charged N atom is saturated, and as a consequence, it has no capacity to 
accommodate two more electrons in that shell. For these reasons, alkyl isocyanides do not 
undergo hydrolysis by alkali. 

2. How would you distinguish between methyl cyanide and methyl 

isocyanide? 

Solution Methyl cyanide undergoes alkaline hydrolysis followed by acidification to give 
acetic acid. When acetic acid is treated with anhydrous ethanol in the presence of a 
small amount of conc. H»SO,, the ester ethyl acetate having characteristic sweet odour 
is obtained. Methyl isocyanide, on the other hand, does not undergo alkaline hydrolysis. 
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o) 3) 
CH,CN 77> CH,CO,Na —“—> CH,COOH == CH,COOEt 
Methyl cyanide Ethyl acelate 
Reon (sweet smell) 
CH3NC ao No reaction 


3. Between methyl cyanide and methyl isocyanide which one is more soluble 


in water and why? 
b+ b= 
Solution The N-atom in the molecule of methyl cyanide (CH,—C=N:) is partially 


negatively charged and it has a lone pair of electrons with which it can form hydrogen 
bond with water molecule. For this reason, methyl cyanide shows sufficient solubility in 


water. 
&- 


O. 
a rs nn a 
CH,—C=N:---H” \H---:N=C_cH, 
(intermolecular H-bond) 
a+ g— 
On the other hand, the N-atom in the molecule of methyl isocyanide (CH;,—N=C:] 
becomes partially positively charged and hence, it cannot use its unshared pair of electrons 
to form H-bond with water molecule. So, this compound is almost insoluble in water. 
4, Suggest a mechanism for each of the following reactions: 


(a) CH,CONH,—2"2—> CH,C=N 
(b) CH,CH=NOH —*2° > CH,C=N 
Solution 
O 
O { o- $f 
ep HCl 
C HCl CH;—C=N: + SO, 


mc AX: ys 
@). cn? “Ne, ~~ cn7 oy 
H 


Ho. ve HjC. 
(b) Ac,0 Oo, © A a 
| oat ana IP | —> CH;—C=N: + CH;CO,H 
N COUN 
HO H,c’ ‘o” 
(Z)-Oxime 
He. A HC, sXe 
or | 8 I’ ‘| —> H,C—C=N +CH,COOH 
N NC 
‘oH Xo” cu, 


(£)-Oxime 
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SCO Study Problems (° (—— 


1. Out of methyl cyanide and methylamine which one is more basic and why? 
2. Can acetonitrile (CH,CN) exhibits acidic property? Explain your answer. 
3. Why does an isocyanide behave as a reducing agent? Explain with an example. 


1.6 DIAZONIUM SALTS AND THEIR RELATED COMPOUNDS 


1.6.1 Reactions 


The reactions of diazonium salts are of three types. These are: 1. substitution reactions, 
2. reduction reactions and 3. coupling reactions. 


® 
1. Substitution reactions These reactions involve replacement of diazonium group (—N2) 
by any other group or atom, with the evolution of N, gas. 


1A. Substitution by hydroxyl (-OH) group When a diazonium salt solution is slowly added to 
boiling water acidified with dilute H,SO, or when highly acidified diazonium salt solution 
is heated, the salt undergoes hydrolysis along with the replacement of the diazonium 


® 
group (—Ng), by a hydroxyl group (-OH). 


Example: 
ne 
N,Cl OH 
H® 
+ H,0. = + + Ny t + HCl 
Benzenediazonium Phenol 
chloride 


Mechanism of the reaction: It is an aromatic Sy1 reaction. At a higher temperature, 
benzenediazonium cations becomes destabilised and decomposes readily to liberate N, 
gas. The phenyl cation, thus, obtained combines with water to give phenol. 


2 ee ® a 
fiance -2> xn + 0” MS bn 3 on 


Phenol 


The diazonium group can be replaced by a hydroxyl group by adding cuprous oxide to a 
dilute solution of the diazonium salt containing a large excess of cupric nitrate. 


® U. 
H,C—_)—N,HSoP Ao ~> HC <_)- 0H 
> 2 


p-Toluenediazonium p-Cresol (93%) 
hydrogen sulphate 


Example: 
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This variation of the Sandmeyer reaction is much simpler and safer method than the 
older method for phenol preparation, which requires heating the diazonium salt with 
concentrated aqueous acid. 


1B. Substitution by hydrogen atom When a diazonium salt is treated with hypophosphorous 
® 
acid (H,PO,), it undergoes reduction and the diazonium group (—Ng2) is replaced by 
hydrogen. 
Example: 
® . 
C.H;Ne2Cl° + H;PO, + H,O — C,H, + H3;PO; + HCl + Not 
The —NH, group attached to an aromatic ring may, thus, be removed and the process is 
known as deamination. 
Mechanism of the reaction: A highly favoured mechanism for this reaction involves a 
free-radical chain: 
Chain initiation 
- AALS 
PhN2Cl° + H,P(O)OH —> HCl + Ph+N=N—PH(O)OH —> Ph. +N, +-PH(O)OH 
Chain propagation 
Ph’ + H,P(O0)OH ———> PhH + -PH(O)OH 
® 
PhN, + ‘-PH(O)OH ——> PhNg +°PH(O)OH 


; [#0 
Ph'+ Ny H3PO3 + H® 


NaBH, and ethanol can also be used for the replacement of the diazonium group by 
hydrogen. 


1C. Substitution by -Cl, -Br, or -CN The Sandmeyer reaction: Cuprous salts have a 
special affinity for diazonium salts. Arene diazonium salts react with cuprous chloride, 
cuprous bromide, and cuprous cyanide to give aryl chlorides, aryl bromides, and aryl 
cyanides, respectively. These reactions are known generally as Sandmeyer reactions. 
These reactions may also be carried out with CuCl/HCl, CuBr/HBr or CuCN/aq. KCN or 
Cu powder/aq. KCN. 


Examples: 
CH; CH; 
© 49 
N,Cl CuCl Cl 
15-60°C + Np 
o-Methylbenzenediazonium o-Chlorotoluene 


chloride 
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Cl Cl 
© ) 
cr NoBr CuBr aL N 
aaa oe + 
100°C Be 2 
m-Chlorobenzenediazonium m-Bromochlorobenzene 
bromide (70%) 
NO, NO, 
© ) 
N.Cl CuCN CN 
90-100°C +No 
o-Nitrobenzenediazonium o-Nitrobenzonitrile 
(65%) 


Mechanism of the reaction: The mechanism of the reaction is uncertain. A possibility 
is as follows: 
cai + :CP—> cucie 
ArN® + CI—C&i—Cl SI > N, + Ar. + CL-—-Cu—CH2*> ArCl + CuCl 


® 

Replacement of the diazonium group (—Ne2) by halogen may be effected by warming 
the diazonium salt solution in the presence of Cu powder. The reaction is known as the 
Gattermann reaction. 


Example: 
ia N,BE ie Br 
cr aS eno cr (43-47%) + No 
o-Methyl o-Bromotoluene 


benzenediazonium bromide 


1D. Substitution by -I Arenediazonium salts react with potassium iodide to give products 
in which the diazonium group has been replaced by —I. 


Example: 
NO, NO, 
is a + No 
NSHSO¢ I 
p-Nitrobenzenediazonium p-lodonitrobenzene 
hydrogen sulphate (81%) 


1E. Substitution by -F When an arenediazonium salt is treated with fluoroboric acid 
(HBF,), the diazonium fluoroborate precipitates out of the solution. The precipitated salt 
is then filtered, dried and heated until decomposition occurs. An aryl fluoride is produced. 
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Example 
CH; CH; CH; 
; HBF, F heat " No a BF; 
N,Ccr° N.BF, F 
m-Methyl- m-Methyl- m-F luorotoluene 
benzenediazonium benzenediazonium (69%) 
chloride fluoroborate 


Mechanism of the reaction: 
CHs CH; CHs 
Ay, oy FOR, —_—> + BF3 
oJ F 


-N, 


N=N BF? 


1F. Substitution by an aryl group This may be carried out by treating a diazonium hydrogen 
sulphate with ethanol and copper powder. 


Example: 
2 CoH;N? HSO —2#°F > C,H;CgH; + 2N2 + 2H,SO, 
Benzenediazonium Bipheny] (25%) 


hydrogen sulphate 


Alternatively, a biaryl may be prepared by adding an aromatic compound to an alkaline 
solution of a diazonium salt. 


Example: 


Br )—N,Cl + CeHe22H> Br )<_) +Nz + NaCl + HO 


p-Bromobenzenediazonium p-Bromobiphenyl 
chloride (35%) 


This method of preparation is known as the Gomberg reaction. It is to be noted that 
whatever is the nature of a substituent in the second component, o- or p-substitution 
always occurs predominantly. 


Example: 


€ )-B.Cl + €P)-NO, Ss CY )-NOz 


Mechanism of the reaction: the reaction takes place by a free-radical mechanism 
involving the steps as follows: 
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N.C? 2"> ph4NS4N“OH —> Ph: + N, +-OH 
0. 0 O 0 “<0 & f0) 0. 0 
\yZ \yZ Ww wi Ny 


oo A C+ CU CO eno 


Ph 


Meerwein arylation reaction: Olefins activated by an electron-attracting group (e.g., 
>C=O0 —C=N, etc.) can be arylated by treatment with a diazonium salt and cupric 
chloride. This is called the Meerwein arylation reaction. 


Example: ‘ 
PhN,CP+ —~CN 22> ph-s~ ON 


Mechanism of the reaction: A radical mechanism has been proposed for this reaction. 


3 
Ph—-N=NCP —= PHIL] LCs phe +N, + Gucl, 


H ° 
N 
A Z 
Ph/+ CN —> ph-B ON <> prow 


H 
+3 \\ +3 
t pp LON £ CE CuCl, Cl CuCh . Ph-W-ON =H Pho CN 


—CuCl, —CuCl, 


Cl 


1G. Substitution by a -NO, group When a diazonium fluoroborate is decomposed with 
aqueous sodium nitrite containing copper powder, the diazonium group undergoes 
substitution by a -NO, group. 


Example: 
N&BF? NO, 
aay aes a + NaBF,+Np 
NO, NO, 
p-Nitrobenzenediazonium p-Dinitrobenzene 
fluoroborate (67-82%) 


2. Reduction reactions 


2A. Reduction by SnCl,/HCl or Sodium Sulphite When diazonium salts are reduced by SnCl,/ 
HCl or Na,SOs, arylhydrazine hydrochlorides are obtained. 
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Examples: 
PhN,Cl +2 Na,SO, +2 H,O —#-> PhNHNH, + 2 Na,SO, + HCl 
PhN,Cl o> = PhNHNH, HCI 
Benzenediazonium Phenylhydrazine 
chloride hydrochloride 


2B. Reduction by Zn/conc. HCL When the reduction of a diazonium salt is carried out with 
Zn/conc. HCl, the N-N bond cleavage with the formation of an aromatic 1° amine and NH3 
occurs. 


Example: 
@ _ 
Nar NHNH, NH, 
Zn/conc.HCl Zn/conc.HCl 
Mm. i as + NH, 
Benzenediazonium Phenylhydrazine Aniline 
chloride 


3. Coupling reactions Diazonium salts readily combine with phenols, naphthols and 
aromatic amines to form highly coloured (orange, red or yellow) azo compounds. These 
reactions in which the N atoms are retained are called coupling reactions. Phenols couple 
readily in weakly alkaline solution. Aromatic amines undergo the coupling reaction in 
weakly acidic solution. 


3A. Coupling reaction with phenol When cold solution of benzenediazonium chloride is 
added to the cold alkaline solution of phenol, coupling reaction occurs and an orange azo 
compound called p-hydroxyazobenzene (salt) is produced. 


Ph—N,CI® + & )-Ph “E> Ph-N=N—{_)—ONa 


pH: 9-10 
p-Hydroxyazobenzene 
(sodium salt) (orange) 
Because of steric strain, coupling preferentially occurs in the p-position of the hydroxyl 
group. But if this position is blocked, then o-coupling occurs. 


Mechanism of the reaction: This is an electrophilic substitution reaction. 


ee (2 @ Ph—N=N tautom. NV —_ 
Ph—N=Nxt 0 Na> LO Ph-N=N—{_)-0H 


(Phenol in alkali) 


Ph—N=N—_)—6Na <0 


The coupling reaction with $-naphthol is already discussed. 


tell ett Qess beat aap cia pring ei a nec ieasto eis eaeteteanes ogame Chemis A Mauer Apna. 
3B. Japp—-Klingermann reaction Coupling also occurs (in CH,COONa buffered solution) 
with compounds containing an active methylene group, e.g., diethyl malonate, ethyl 
acetoacetate, etc. to give the phenyl hydrazone (formed by the tautomerisation of the azo- 
compound to the more thermodynamically stable hydrazone). 


Example: 
® 9 
& P- NSN + CH(CO;Et), CH:COONa 5 ¢) _N—=N—CH(CO;Et), 
Benzenediazonium Diethyl malonate fantom 
cation (salt) 


& )-NH-N=C(CO;Et), 


This coupling reaction is often used to detect the presence of enols and is then referred to 
as the Japp-Klingermann reaction. 


3C. Coupling reaction with tertiary amine In neutral or weakly acidic solution, N, 
N-dimethylaniline undergoes coupling reaction with benzenediazonium chloride. The 
coupling occurs at the C-atom (C-coupling) of the ring to form p-(N, N-dimethylamino) 
azobenzene. Due to lack of hydrogen on nitrogen, N-coupling does not take place. 


Example: 


® (co) =< dil. HCl = ®@ 
N=N cole + (yy) NCH) >< )—-N=N N(CH), 


Benzenediazonium N, N-dimethy]l- 
chloride aniline (3°) -H® 


( P-N=NX_)-NCH3)2 


p-(N,N-dimethylamino) azobenzene 
(Butter Yellow) 


It is to be noted that coupling with primary and secondary amine occurs mainly at the 
nitrogen atom, i.e., N-coupling occurs. 


1.6.2 Syntheses Using Diazonium Salts 


Replacement of the diazonium group (-No) is the best general way of introducing F, Cl, 
Br, I, CN, OH and H into an aromatic ring. Diazonium salts are valuable in synthesis not 
only because they react to form so many classes of compounds but also because they can 
be easily prepared from nearly all primary aromatic amines. The 1° amines form which 
diazonium compounds are prepared are readily obtained from the corresponding nitro 
compounds, which are prepared by direct nitration. Therefore, the diazonium salts are the 
most important link in the sequence given below: 
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Cu,0, Cu2*, H,O 


> Ar—OH 
Ar—H CuCl > Ar—C] 
conc. HNO; 
conc. H,SO,4 CuBr > Ar—Br 
@ @ 
Ar—NO, S285 Ar—NH)eee> Ar No} ON > Ar—CN 42> arcO,H 
= > Ar—I 
1. HBF 
2. heat . > Ar—F 
H,PO, 
H,0 > Ar—H 


Most arenediazonium salts are unstable at temperatures above 5—10°C, and many explode 
when dry. Fortunately, however, most of the displacement reactions of diazonium salts 
can be carried out without isolating them. The replacement accompanied by the evolution 
of N. gas occurs when the reagent (CuCl, Cu Br, KI, etc.) is simply added to the mixture 
and then the solution is warmed gently. 


Hydrolysis of nitriles yields carboxylic acids. Therefore, the synthesis of nitriles from 
diazonium salts provides us with an excellent route from nitro compounds to carboxylic 
acids. The procedure of preparing carboxylic acids is more generally useful than either 
carbonation of a Grignard reagent (reaction with CO,) or oxidation of side chains. The 
reasons are as follows: (i) there are many groups that interfere with the preparation and 
use of the Grignard reagent, (ii) the nitro group can be introduced into a molecule more 
readily than an alkyl side chain; also, the conversion of a side chain into a carboxyl group 
cannot be carried out on molecules that contain other groups sensitive to oxidation. 


The coupling of diazonium salts with phenols and aromatic amines produces azo 
compounds, which are of tremendous importance to the dye industry. 


® ® 
1. C,H;Ne is more stable than CH,Ne2. Explain. 


® 

Solution The diazonium cation from aniline, i.e., CgH; Na, is stabilized by resonance but 
® ® 

that from methylamine, i.e., CH;Ne, is not. For this reason, CgH; No is relatively more 


® 
stable than CH,Ne. 


|V)-NLR: > (D-Nean <> Cy Neen: < Q)=N=AP 
® 
; ) 
CS Rant? <0 -Rat? 


Resonance stabilized benzenediazonium cation 
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® 
2. Predict whether PhNe couples with PhNMe,, PhOH or PhCHsg. Give your 
reasoning. 


® 
Solution ArNoe is a weak electrophile that undergo diazo coupling reaction only with 
rings containing strongly activating groups like —OH (in alkaline medium —O°), —NRg, etc. 


® 
and not weakly activating group —R. Therefore, PhNez couples with PhNMe, and PhOH 
but not with PhCHs. 


® c 
3. 2, 4-(O.N),Cg,H3;N2 couples with anisole (PhOCH;) but PhNe does not. 
Explain. 


Solution In anisole, the ring is not sufficiently activated by -OCHs to react with the 
weakly electrophilic PhN> . The electron-withdrawing nitro groups make the diazonium 
ion less stable and thus more reactive than PhNo . This explains why 2,4-(O,N),.C,Hs No 
couples with anisole, but PhN> does not. 


0;N-<O)-N=N + (O>-0CH;—> 0,NXO)—-N=NO)-0CH, 
NO, N 


Oz 


® 
(O)-N=N + <(O)-0cH;—> No reaction. 


4, (a) Explain why the following conditions are unsatisfactory for diazo 
coupling: (i) strong acid and (ii) strong base. (b) what conditions are used 
to disfavour coupling during diazotization of ArNH,? 


Solution 


® 
(a) (a) In the presence of strong acid, ArNH, is converted to ArNH,, whose ring is 
deactivated to coupling. 
® 

(ii) In the presence of strong base, ArN2 becomes converted to a diazoic acid 
(Ar—N=N—OH) and then to a diazotate anion (Ar—N=N—O°%). Neither the 

diazoic acid nor its anion couple. 

® 

(b) During diazotization, it is necessary to avoid coupling of ArNe with the 


unreacted ArNHb. If an excess of mineral acid is used, most of ArNH, becomes 


8 
largely converted to ArNH3, which does not couple. In a weakly acidic medium, 
the diazonium ion reacts with the free amine to form a diazoamino compound 
(Ar—N=N—NHA~r). 

5. Replacement of the diazonium group by -H can be a useful reaction. 
Illustrate with examples. 
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Solution An amino group can be introduced into an aromatic ring to influence the 
orientation of a subsequent reaction. Later the amino group can be removed by diazotizing 
it and treating the diazonium salt with H,PO,. Deamination by diazotizaton can also be 
used to protect a particular position. 


Examples: 
(i) Synthesis of m-bromotoluene 
CH; CH; CH; 
Ac,O al a NaNOz, H,SO, 
O : O 2. 2. OHIHO,A” A Ose a Ol 
@ Br 
NH, NHCOCH3 No 
p-Toluidine (the activating effect of on _N, 
the —NHg group is reduced ee: GO 
to favour introduction a 
of one Br—atom in the Br 
next step.) m-Bromotoluene 


(ii) a of o-chlorotoluene 


CH; CH; CH; 
_HNO,J/H,SO, Cl,/Fe 1. Sn/HCl 
2. OH? 


NO, NO, NH, 
(-NO,j blocks C-4 position) 


CH; CH; 
Cl Cl 
H;PO. NaNO,/HCl 
Cra OC 4 
Necr 
The para position is blocked by —NOs, and so, chlorination occurs only at ortho to 
—CHg. 
6. How would you carry out the following transformations: 
NH, NO, CH; CHs 
> »O- OA 
(a) O) Oo (b) O a 
NO, NO, 
CH; CH; 
Br. Br Br 
©o CI — (a) — 
NO, a : COOH 
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CH, CH, 
eO—- oO ei). 2 Oo 
No, | Cl Cl 


Solution 


NHCOCH,; NHCOCH; NH, 


NO» 
(a) ees Ac,0 oO) HNO; OH aL _NaNO, _NaNO, 
“HCL, 5°C” 5°C “NaHCO,” 
Cu,0 


a 


Z 
H H ee 
ag vi vas PAS NaNO,/ & 
1. SW/HCl Ac,O Cl OH ome, 0 _HCI,0-5°C, 
NO, NH, NHCOCH, NHCOCH, 
NO NH NH N “of 
HNO ; HP “ Bs Br Nanoy Br | Br spo iS Br 
2 t T9 HCl 2 
(c) (CO) es 0,0). Sn/HCl” 0) HO” a ae > 
50-60°C 
Br 
CH; CH, CH; CH, 
. o HNO, Bry Bra « "1 Sn/Hl, _ 1. NaNO,/HCI, 0-5, co” 
(d) SO,” Fe” 2.0H? ” 2. H3PO, 
NO, NO, NH, 
NO, NH, NHCOCH3 NHCOCH3 


1. Sn/HCl Ac,O HNO, 
e ———> —+ ——_ 
©) O 2. OH® O O H,SO, O 
Sn/HCl 
NO, 


NHCOCH, NHCOCH; NHCOCH; NHCOCH; 
A NaBF NaNO. 
: aq HSO, 
0-5°C 
®°NoBF? ®©N,HSOG Hp 


2. KI solution 


NH, J 
OHYH,0 Oo g 1. NaNO,/HCI1,0-5°C O 
A 


F F 
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OH, CO,H CO,H CO,H 
(f) o KMn0O,/H,O Oo HNO,/H,SO, OL Sn/HCl 
A 
NO, NH, 
CO,H CO,H CO,H ao 
OL A Gh, ger 
CO.H ON N2Cl 
CH; CH, CH, 
1. Sn/HCl aq. KI 
(g) O 2. NaNO JHC O ? O 
0-5° 
NO» ne I 
1. HNO,/H,SO NaOH 1. HCI/A 
mG) memes or Ome OM 
Cl 
4 Manoa 
H;PO. 
se O« PO Ns LY ©r Nich 2 HNO O NH, 
cI Cl 


7. Ph No CI° is allowed to couple with p-H,NC,H,OH under (a) acidic 
condition and (b) basic condition. Predict the products and explain. 


@ 
Solution When PhN2Cl° is allowed to couple with p-aminophenol, two isomeric 
C-coupled products are formed. The reactions are given below. These are electrophilic 
substitutions where the diazonium cation in the ee 


He 
_ag. NaOH _PhN,CI _PAN,CT N=NEE 
ans NPh ’ ~H0® ” 
OH 


(coupling under basic conditions) (Coupling under acidic conditions) 


This difference in reactions can be explained on the basis of the orienting strength of the 
two groups in acidic and basic conditions. Under basic conditions, the resulting phenoxide 
ion (-O°) is more reactive than the —NH, group. As a result, coupling occurs ortho to 
the —OH group. Under acidic conditions, phonolic -OH does not dissociate and then the 
lone pair of electrons on the less electronegative and more polarizable N atom of the 
—NH, group is relatively more reactive compared to the lone pair of electrons on the more 
electronegative O atom of the -OH group. As a consequence, coupling occurs ortho to the 
—NH, group. 
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SC Study Problems (°C 


eonhr 


10. 


Diazonium salts are not generally separated in solid state—Why? 

Give the mechanism of diazotization of aniline. 

What is coupling reaction? Give an example. 

Explain why benzenediazonium chloride couples with aniline to give both C- and 
N-coupled products. 

What happens when (a) o-aminophenol and (b) o-phenylenediamine are separately 
diazotized? 

Give examples of two reactions of diazonium salts in each, where (a) Nz gas is 
eliminated, and (b) nitrogen atoms are retained in the product. 

p-Toluidine reacts with benzenediazonium chloride to form a compound which, on 
boiling with H,SO,, gives four products (excluding nitrogen). Discuss. 


®@® oO 
(Hint: PhN,Cl + HJN—C))—Me—> Ph-N=N—NH—{())—Me 


so.) | 
four Bate H,N <O> oa 
duct. 
products PhNH, + HO O Me< H2SO4 Ph—NH—N=N—C))—Mel 


Discuss the mechanism of coupling reaction and mention the effect of acidity or 
alkalinity of the medium of coupling. 

How would you carry out the following transformations: 

(a) Cg.H;CHO — m-ClC,H,CHO 

(b) CgH, —> m-FC,H,NO, 

(c) PhMe —— 3-Br-4-NO,-toluene 

(d) o-Nitrotoluene —— o-Cresol 

(e) CgH, —> m-Difluorobenzene 

Suggest a mechanism for each of the following reactions: 


® 
(a) PhNeCl® + CH,(CN)CO,Et —@“* > PhANHN=C(CN)CO,Et 


® 
(b) PhN2 BFS +PhNO, —*> m-O,NC,H,Ph 


® 2+ 
(c) p-CIC,H,N2Cl° +CH,=CHCHO —“—> p-ClC,H,CH,CHCICHO 
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Compounds containing carbon—metal bonds are called organometallic compounds. When 
carbon is bonded to a more electronegative element like oxygen or chlorine, the electron 
distribution in the bond is polarized so that carbon is slightly positive and the more 
electronegative atom is slightly negative. Conversely, when carbon is bonded to a less 
electronegative element like a metal, the bonding electrons are more strongly attracted 
towards carbon. Electronegativity values for carbon and some common metals are C(2.5), 
Li(1.0), Mg(1.3) Zn(1.6) and Cu(1.8). 


2.2 Organic Chemistry: A Modern Approach 


b+ b+ &- 6 & 6 
SLX or RX Soft or RA 
Alkyl halide Organometallic 
[X (Cl, Br, etc.) is more compound 
electronegative than [IM (Li, Mg, etc.) is less 
carbon] electronegative than carbon] 
Electronegativities Electronegativities 
H i sg H — - 
> oe ape Lit 


H Nucleophiles CH3Li attacks 
attack here electrophiles 
through this atom 


The ionic character of the C—M bond depends on the nature of the metal, e.g., the order of 
ionic character is K > Na > Li> Mg > Al > Zn > Cd > Cu, Hg. Some of the carbon—metal 
bonds are essentially ionic (e.g., the carbon—sodium, and carbon—potassium bonds in 


S) S) 
Na C=CH and K® C=CH, respectively) and some of the carbon—metal bonds are polar 


d6- 6+ 6- 6+ 6- o+ 
covalent (e.g., bonds like C—Li, C—Mg, C —Zn, etc.). Lithium, magnesium and copper 


are the most commonly used metals in organometallic compounds. General formulas of 
the three common organometallic compounds, where R is an alkyl, aryl, allyl or benzyl 
groups, are shown below: 


cae R—Mex R,Culi 
Organolithium Organomagnesium Organocopper compounds 
compounds compounds or organocuprates or 
(e.g., CH3;—Li) _ or Grignard reagents Gilman reagents 
(e.g., CHs—Mg) (e.g., Me,Cu Li) 


Like sodium acetylide (Na C = CH), sodium methoxide Na OMe is an ionic compound. 
However, like sodium acetylide, it is not an organometallic compound because the negative 
charge in sodium methoxide resides on oxygen. Similarly, lead tetraacetate, Pb(OAc),, is 
not an organometallic compound. 


The more the carbon—metal (C—M) bond polar, the more the organometallic compound 
is reactive. Alkylsodium and alkylpotassium compounds are highly reactive and are 
among the most powerful bases. They react explosively with water and unstable in 
air. Organomercury and organolead compounds are much less reactive. They are often 
volatile, stable in air and soluble in nonpolar solvents. Because both Li and Mg are very 
electropositive metals, organolithium (RLi) and organomagnesium compounds (RMgX) 
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contain very polar carbon—metal bonds and are, therefore, very reactive reagents. They 
are stable in ether solutions. Because of considerable polarity of the C—M bond in RLi and 
RMexX, the carbon atom bonded to metal acts as a source of carbanion and therefore acts 
as a strong base as well as a powerful nucleophile. 


Organometallic compounds are synthetically very useful to organic chemists who need to 
make carbon—carbon bonds and this is because these compounds react as if they were 
free carbanions. 


&-  & St 
SH or R—M | reacts like Sok or R M 


Organometallic Carbanion 
compound (a base and a nucleophile) 


In this chapter, the preparation, properties and usefulness of some of the most common 
organometallic compounds are described. 


2.1 ORGANOMETALLIC NOMENCLATURE 


The IUPAC name of an organometallic compound starts with the name of the R group, 
followed by the name of the metal. For example, 


& poli HC = CH Na Et,.Mg 


Phenyllithium Vinylsodium Diethylmagnesium 
When the metal bears an anionic ligand along with the R group, the ligand is named 
separately. For example, 


EtMgBr Et,AlCl 
Ethylmagnesium bromide Diethylaluminium chloride 


An exception to this nomenclature is the sodium salt of acetylene (NaC=CH), which 
is normally referred to as sodium acetylide. However, both sodium acetylide and 
ethynylsodium are acceptable IUPAC names. 


2.2 ORGANOMAGNESIUM COMPOUNDS OR GRIGNARD REAGENTS 


Organomagnesium halides (general formula R—MegxX, where R = alkyl or aryl group and 
X= Cl, Br or D are the most important organometallic reagents in organic chemistry. They 
are discovered by the eminent French chemist Victor Grignard who received the coveted 
Nobel Prize for his discovery in 1912 and they are called Grignard reagents in his honour. 
The carbon—magnesium bond in them are highly polar bond, but the magnesium— 
halogen bond is basically ionic. 
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Examples: 
CH;MglI C.MgBr (CH3)p>CHMgCl 
Methylmagnesium Phenylmagnesium Isopropylmagnesium 
iodide bromide chloride 


2.2.1 Preparation of Grignard Reagents 
2.2.1.1 Principle 


A Grignard reagent is generally prepared by the reaction between clean and dry magnesium 
metal and dry alkyl or aryl halide in anhydrous alcohol-free ether. The organometallic 
halide produced in the reaction remain dissolved in ether. It is the ethereal solution of 
Grignard reagent, which is used for various chemical reactions. 


R-X + Mg “3s > R—MgX 
Alkyl or aryl Grignard reagent 
halide 


Example: 


Methylmagnesium iodide is produced when methyl iodide is used as the alkyl iodide. 


CH, + Mg —=2ydrous 5 CH;—Mgl 
Methy] iodide Methylmagnesium 
iodide 


6+ O- 
When an alkyl halide with positively polarized alkyl group (R— X) is converted to a 


é- 6 
Grignard reagent (R—MgxX) by reacting with metallic magnesium, the alkyl group 
becomes negatively polarized. This reversal of polarity in the course of a reaction is 
generally referred to by the German term, Umpolung. 


2.2.1.2 Mechanism of the Reaction 


The formation of a Grignard reagent is similar to that of organolithium compounds except 
that each Mg atom participates in two separate one-electron transfer steps. 


Step 1: RX“ 4+ M@ —> [R-X:7 + Mg: 


Alkyl halide Radical anion 
Step 2: [RACK:IT —> R + X:% 
Alkyl 
radical 


@ ss 
Step 3: Ri + Mg; + :X:°—> R—MexX 
p (+ Me) X g 


There is a change in oxidation state of the magnesium, from Mg(0) to Mg(II). The reaction 
is, therefore, known as an oxidative insertion or oxidative addition. 
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2.2.1.3 Some Important Informations Regarding the Preparation of Grignard Reagent 


(i) 


(ii) 


(111) 


(iv) 


(v) 


In the preparation of Grignard reagent, the apparatus and the reagent must be 
perfectly dry and free from alcohol. The reaction atmosphere should be free from Oz, 
CO,. Since R—MgxX reacts like R° (a strong base as well as a strong nucleophile), it 
readily reacts with water, alcohol, O. and CO, to produce the following products. 

RMgX + H,O —> RHT + Mg(OH)X 

RMegX + R'OH — RHT + Mg(OR)X 

RMgxX + O. —> RO,MgX 

RMgxX + CO, —> RCOOMgx 
Besides Et,O, tetrahydrofuran (THF) is also used as a solvent in the preparation of 
Grignard reagents especially when the halogen atom is attached to an sp” carbon. 
For example: 


CH,=CH-Br+Mg —#F-> CH, =CH-MgBr 


Vinyl bromide Vinylmagnesium 
bromide 

Br MgBr 
ome or 

Bromobenzene Phenylmagnesium 
bromide 


In the formation of Grignard reagent, the reactivity of alkyl halides follows the 
order: R—I > R—Br > R—CI. Alkyl bromides are used most often because they 
react more readily than alkyl chlorides and are less expensive than alkyl iodides 
(alkylfluorides do not react). 
In the case of particular halogen atom, the preparation of Grignard reagent 
becomes more and more different as the number of carbon atoms in the alkyl group 
increases. According to the nature of the alkyl group, the relative ease of formation 
of Grignard reagent follows the sequence: 

CH,—X > CH,CH,—X > (CH3),CH—X > --- 
The solvent plays an important role in the formation of a Grignard reagent. The 
Mg atom in Grignard reagent has four valence electrons. It requires two pairs of 
electrons for the completion of electron octet. Oxygen atom of each ether molecule 
donates a pair of electrons to magnesium atom and as a consequence the octet of 
Mg becomes complete. Coordination of the solvent molecules with the Mg atom 
allows the Grignard reagent to dissolve in the solvent. X-ray diffraction studies 
have revealed that the two ether molecules are tightly bound to Mg in RMeX. The 
four groups are tetrahedrally arranged around magnesium. 


2.6 Organic Chemistry: A Modern Approach 


Bt.y-Et eS 


O 
’ { 
mes 2s - x _ — xX: 
} R CS’ _ 
Dietherate compounds 


2.2.2 Reactions of Grignard Reagents 
2.2.2.1 Reaction as a Base 


Grignard reagents are very strong bases. They readily abstract a proton to produce 
a hydrocarbon from any compound that has an acidic hydrogen attached to more 
electronegative elements like oxygen, nitrogen, sulphur and even C,,. In fact, Grignard 
reagents abstract proton from any substance more acidic than an alkane. For example: 


4) Bee Be 

HOH + R > Mex — > R-H + Mg(OH)X 
4) BNE Ot 

RO-H + R> Msx —+> R-H + Mg(OR)X 
5+) Be NB OH 

H.N~H + R 5 Mex —> R-H + Mg(NH,)xX 


es ale O+ 
RS~H + R5MgX ——> R-H + Mg(SR)X 


It is sometimes necessary in a synthesis to reduce an alkyl halide to a hydrocarbon. In such 
cases, converting the halide to the corresponding Grignard reagent and then adding water 
or alcohol as a proton source is a satisfactory procedure. Adding D,O to a Grignard reagent 
is acommonly used method for introducing deuterium into a molecule. For example, 


Br ja P 

CH,CH,CHCH, + Mg “#¥> CH,CH,CHCH, 22> CH,CH,CHCH; 

2-Bromobutane sec-Butylmagnesium  2-Deuteriobutane 
bromide 


Br MegBr D 
CY Me ™ Cy > CI 


Bromobenzene Phenylmagnesium Deuteriobenzene 
bromide 


Acetylenic Grignard reagents of the type RC=CMgBr are prepared, not from an acetylenic 
halide, but by an acid-base reaction in which a Grignard reagent abstracts a proton from a 
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terminal alkyne in which hydrogen is attached to an sp-hybridized carbon and somewhat 
acidic. For example, 


CH,(CH,)C=C-H + CH,CHLMeBr #0, CH,(CH,)C=C MgBr + CoH, 
1-Hexyne Ethylmagnesium 1-Hexnylmagnesium Ethane 
bromide bromide 


2.2.2.2 Reaction as a Nucleophile 


(a) Nucleophilic substitution reactions (Synthesis of alkanes, ethers and alcohols) Coupling 
between a Grignard reagent and alkyl halide containing a reactive halogen atom (e.g., Br) 
can be effected directly. The reaction is probably an Sy2 one. 


xmgCK + RO S®, RR + Mex, 
Alkyl halide Alkane 


The reaction actually occurs if R’ is allyl (CH,—=CHCH,—), benzyl (PhCH.—), etc. Another 
example of this type of reaction is the reaction between Grignard reagent and a-halogeno- 
ether. The reaction leads to a higher homologue of ether. 


a 
ROCH,—-Cl + R’—MgX—> ROCH,R’ + MgClx 


In fact, Grignard reagents are not good nucleophiles towards simple organic halides. If 
they were, the synthesis we use to generate these reagents in the presence of the starting 
organic halide would be quite ineffective, because hydrocarbons would be the major 
products. A good yield of R—R’ can be obtained for any R’ by using its tosyl ester (R’OTs). 
A primary alcohol containing two carbon atoms more than the Grignard alkyl group can 
be prepared by adding one molecule of ethylene chlorohydrin to two molecules of Grignard 
reagent. 


RMgBr + CICH,CH,OH —> RH + CICH,CH,OMgBr ~“£""> RCH,CH,OMgBr 
Ethylene 0® 
chlorohydrin RCH,CH,0H 


Two molecules of Grignard reagent are not required if ethylene oxide is used instead of 
ethylene chlorohydrin. 


bo 


ae 7 


O-+ 6+ 
Ethylene oxide 
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An aldehyde can be prepared by the reaction between a Grignard reagent and ethyl 
orthoformate. 


OC,H 
Fr. Boks | + ether nee 
H;C2Q5-CH(OC2Hs)2) + R2-MgX -'5-> R—-CH + Me(OC,H;)X 


Ethyl orthoformate fees er 
@ 

dil. HCl HQ7H 

OH COC.H 

H,O:p @ _-C,H,OH Faas: 
R—CH a R—CH=0C2H5 <—_+>— _ R—CH r 

OCH; ‘COCHs 

HOH Rp off << s R—CH=9,,H > R-CH=0 + H,0 
eats An aldehyde 


In this process, a better yield of aldehyde is obtained since the formation of secondary 
alcohol is prevented by the formation of acetal. 


Ketones may similarly be prepared by using any orthoester, i.e., orthoformic ester. 


RC(OC,H;)3 + RMgX “!2°> Mg(OC>H;)X + RyC(OC>H;)s 


An orthoester HO 
2 C.H;OH + R,C=O 

A ketone 
Primary amines may be prepared by the reaction between O-methylhydroxylamine 
(1 mol) and Grignard reagent (2 mols). The Grignard reagent should be alkylmagnesium 
chloride or bromide, but not iodide. 


2RMgCl + CH,ONH, “> RNHM¢gCl + RH + Mg(OCH,)Cl 


O-Methylhydroxyl H 


Oo 
eavanie zs R NH, + MgCl, 


A primary amine 


A primary amine containing a tertiary alkyl group may be prepared by using chloramine. 
ether 


CINH, + R—MgxX ——~> R—NH, + MgxXCl 
Chloramine A primary amine 
ether 


For example: CINH, + Me;C—MgCl ———> Me3;C—NHp, + MgCl 
tert-Butylamine 


Rs l EL cr ee ee eee ee ee ee ene eee ee eve tere eee eee ee Tee eI care 
(b) Nucleophilic addition reactions Grignard reagents, being nucleophilic in character, 
add to the carbonyl group of aldehydes ketones, esters, anhydrides and amides. In these 
reactions, the alkyl group becomes bonded to the carbonyl carbon as a carbanion and 
the magnesium halide to the oxygen atom of the carbonyl group. The reaction results in 
formation of an addition compound (a halomagnesium alkoxide). 


R 
5 Be | 
SEG + R2-MgX ene ome Mex (addition compound) 
ee A halomagenesium 
alkoxide 


In fact, the reactivity of different functional groups towards Grignard reagent is different. 
The order of reactivity of various compounds containing >C=O group follows the sequence: 
R R R R 
»e=0 > Yc=0 > e=0 DY  Ye=O 
H R Cl R 
Aldehyde Ketone Acyl chloride Ester 


All the above-mentioned >C==O groups are more reactive than the halogen of alkyl halides 
(—CH,X), but are less reactive than the active hydrogen. For example, when 4-hydroxy-2- 
butanone is allowed to react with 1 mol of Grignard reagent, it is the active hydrogen that 
reacts but the ~C=O group remains unaffected. 


CH3COCH,CH,OH + CH3MgI —> CH;COCH,CH,OMglI + CH,t 
4-Hydroxy-2-butanone (1 mol) Methane 


(i) Reaction with carbonyl compounds and synthesis of alcohols Grignard reagents react 
with carbonyl compounds (aldehydes and ketones) to form alcohols in the following way: 


R—MeX + »C=0 ane? R—G—on + Mg2®+ 2x° 
Mechanism: 
bux & \ae (& \_ PME xX HOHcr \ /OH oo 5 Ae 
eee yy oe “Gil Hop > De + Mg + X°+ Cl 
Grignard Carbonyl Halomagnesium Alcohol 
reagent compound alkoxide 


From the above general scheme, it becomes evident that the class of alcohol obtained from 
a Grignard reagent and a carbonyl compound depends on the number of hydrogen atoms 
attached to the carbonyl carbon atoms, i.e., upon the type of the carbonyl compound used. 


Fo aaigteietienia seas aitaduacqneiaameniraietetet oe ae libiouanunebemnee ogame Cherian: a Maurin Apnea. 
Formaldehyde, HCHO (the carbonyl carbon bears two hydrogen) yields primary alcohols; 
other aldehydes, RCHO (the carbonyl carbon bears one hydrogen and one alkyl group) 
yield secondary alcohols; and ketones, R,CO (the carbonyl carbon bears no hydrogen) yield 
tertiary alcohols. 


. sO iS) 
HN Ge 2 Be cata MEX go OF 
2 A g oe NB H’ \R 
Formaldehyde A 1° alcohol 
For example: HCHO + CH,Mgl “8°"> CH,CH,OMgI > cH,CH,OH 
Methylmagnesium Ethyl alcohol 
iodide 
0. ® 
Does + BD vib ther, Be Mey gor 708 
ae R’ \R R’” RB 
An aldehyde A 2° alcohol 
For example: CH,CHO + CH;MgI2@-> (CH,),CHOMgI-~ > (CH,),CHOH 
Acetaldehyde 2-Propanol 


If the alkyl groups of the secondary alcohol are different, it can be prepared by using 
RCHO + R’MegxX) or (R’CHO + RMegxX), i.e., by using two sets of reagents. 


0, © 
Rie R\ /OFMsX .,e Rv. /OH 
Né £5 + R-Mex 25 ether No” H30 No” 
Rn” R’ \R R’ \R 
A 3° alcohol 
For example: CH,;COCH; + CH3MgI "> (CH,);COMeI 22-2" (cH,);COH 
Acetone tert-Butyl alcohol 


Since the resulting alcohol is tertiary, it is very much susceptible to acid-catalysed 
dehydration. So, in that case, an aqueous solution NH,Cl is often used and this is because 
this solution is acidic enough to convert ROMgX to ROH while not allowing acid-catalysed 
reactions of the resulting 3° alcohol. 

If there are two types of alkyl group in the 3° alcohol, it can be prepared by using two 
sets of reagents: (R,CO + R’MgX) or (RCOR’ + RMgX). However, if all the three alkyl 
groups of the desired tertiary alcohol are different, it can be prepared by using three sets 
of reagents: (R’COR” + RMgX), (RCOR” + R’MgX) or (RCOR’ + R’MgX). However, which 
combination is more appropriate depends on the availability and cost of the reagents. 


sae aon ee ee 
Grignard reagent as reducing agent (abnormal Grignard reaction) When the R group of the 
Grignard reagent and the groups attached to the carbonyl carbon of a ketone are highly 
branched, normal addition reaction does not take place due to steric interaction involved 
during nucleophilic attack. In that case, reduction takes place if the Grignard reagent 
contains a hydrogen on the carbon adjacent to the point of attachment of —MexX (i.e., a 
B-hydrogen). For example, when isopropylmagnesium bromide is allowed to react with 
di-isopropyl ketone, no tri-isopropylcarbinol (a tertiary alcohol) is obtained; instead, di- 
isopropylcarbinol (a secondary alcohol) is obtained through reduction. 


-——> [(CH3),CH],CHOH + CH;CH=CHy, 


(CH3)2CH\ __j~_ 1.(CH;),CHMgBr Di-isopropylcarbinol Propene 
(CH,)CH% SOP (a 2° decohol) 
Di-isopropyl ketone Steric 
(a sterically hindered strain 
ketone) 


(not obtained) 


Tri-isopropylcarbinal 
(a 8° alcohol) 


This abnormal reaction may be explained by the transfer of a hydride ion (H°) from the 
Grignard reagent via a six-centred transition state. 


Br Br |? 
CH, —<Mg Me... 
ao) O: HC Gy O 
—e |: | 
CH» [CH(CHa)olo CH, C[CH(CHs3)9] 


Transition state 


o) 
[((CHs).CH],CHOH <2 [(CH,),CH],CH—OMgBr + CH;CH=CH, <— 


Di-isopropylcarbinol 
(the reduction product) 


It is to be noted that Grignard reagents without a B-H, such as CH,;MgX or Cg,H;MgxX, 
cannot act as reducing agents. 
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(ii) Reaction with carboxylic acid derivatives Carboxylic acid derivatives like RCOCI, 
RCOOR or RCONR, have reasonably good leaving group (C1°, RO®, R,N°). So, the primary 
tetrahedral adduct obtained by the reaction of RMgX with these functional groups 
stabilizes itself by expelling these leaving groups to give the final product. 


e Reaction with esters and synthesis of secondary and tertiary alcohols The 
molar equivalent of a Grignard reagent reacts with formate ester to give a secondary 
alcohol. The reaction takes place by an addition—elimination mechanism. In the 
subsequent step, the aldehyde reacts with the second molecule of the Grignard reagent 
in the usual way to yield a secondary alcohol. 


H 
H So 5+ C | = H 
Sich FR igx tts x8: Cp MEO, F.C 
NOEt " \R 
Ethyl formate ma An aldehyde 
67 & 
R~Mgx 
i 2) 
= H,0° ® a | = 
R,CH—OH <—2—— XMgO i R 
A 2° alcohol R 
o) 
e.g., HCOEt + 2CH,Mel 2!2*> (CH;),CHOMgI 22 > (CH,),CHOH 
Methylmagnesium 2-Propanol 


iodide 
[An aldehyde can be prepared by allowing a Grignard reagent (1 mol) with ethyl formate 
(1 mol).] 


If in the above reaction any ester other than formate ester is used, a tertiary alcohol 
containing at least two identical groups is obtained. 


R 
by) a/R 5 6 3 | Z R 
O20 RO Mex 5 XMg()?-Q—R —MEOEEN, 6=C 
\OEt \SR 
An ester Et J Ry Niex 
R 
H.0® ® ..0 | 
R,;C—OH <2°— xMe0:-—C—R 
A 3° alcohol b 
i ‘tie 
SK) eo 
For example: CH;COOC,H; + C3H;MgBr “28> (C,H;),C—OMgBr—2"> (C)H;),C—OH 
Ethyl acetate 3-Methylpentane 


-3-ol 
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e Reaction with acid chlorides and synthesis of tertiary alcohols Grignard 
reagents react with acid chlorides, again in two stages, to yield tertiary alcohols. 


R 
& ai ie Be eo | E R 
O=C4— 4 RO Mex os xMeOe-C—R Me 5 Sc” 
a) N¢l eT ( \R 
An acid chloride : R~MeX 
) 
i 
R,C—OH <2" Mig6--C—R 
A 3° alcohol R 


[The intermediate ketone can be isolated if 1 mol of Grignard reagent is used.] 


e Reaction with amides and synthesis of ketones Two molar equivalents of a 
Grignard reagent react with one molar equivalent of an amide to form a ketone. 


R Heo 
om O+ nH 6 
OLK GRO Mex her 5 Gl ¢C 0 
\NH_H ‘ \NHMgX 
An amide 
i i i 
ae 2) eo ane 
—— HO 6-R <2 po—6—R <2 xfig6?@-G—R 
°NH3 NH, NHMgX 
oN ro) ye ® ye 
>NH; +H7~O=CC_ ——> NH, + O=C 
\R \R 
A ketone 


e Reaction with nitriles and synthesis of ketones Like the C=O group, the C=N 
group is also polarized and the carbon of this group becomes an electrophilic centre. 
Because of this, a Grignard reagent adds to an alkyl nitrile (RCN) to form a ketimine 
salt which upon hydrolysis gives the corresponding ketone. 


O-/ bt + OE CG) 
RS Mex + R=C==N Sher» RoC=NMeX 2" > [R,C=NHI 
cOH OH, H8- 


® +H® a HO’ 4 2 
RoC NH3<——— R.~C—NHp» —_——_ RoC NH, 


. R,C=O62H%4 NH,—> R,C=6: + NE, 
A ketone 


Fo ebtateshaniiien baad oes Neuiauauatarnpilipaniadestayatdaeaseetnanateiaus Organic emis a Mae Annie ., 
In this preparation, the use of CH,CN is usually avoided because its a-hydrogen is 
sufficiently acidic to produce hydrocarbon in reaction with RMgX. 


(iii) Reaction with carbon dioxide and synthesis of carboxylic acids When a Grignard 
reagent is allowed to react with solid carbon dioxide (dry ice) and the resulting complex is 
decomposed by dilute acid, a carboxylic acid is obtained. 


R @ I 
aie yo—-OMex 40", R-C—OH 


ie a ae 
R2-MgX + O=C=<0 
O A carboxylic acid 

e Reaction with o,f-unsaturated carbonyl compounds Grignard reagents add to 

a, B-unsaturated carbonyl compounds to give a mixture of products due to carbonyl 

addition (1,2-addition) and conjugate addition (1,4-addition). For example, the 

reaction of EtMgI with pent-3-en-2-one gives a mixture containing 3 parts of 4-methyl- 

2-hexanone (1,4-addition product) and 1 part of 2-ethylpent-3-en-2-ol (1,2-addition 
product). 


CH; 0 on 
CH;—CH=CH—C—CH; 55s" > CH; CH—CH,—C—CH; + CH; CH=CH—C—CH, 
Pent-3-en-2-one 1,4-Addition 
CoH; 


product (minor) 
1,2-Addition 
product (major) 


The 1,2-addition is similar to the reaction of a Grignard reagent with a carbonyl compound. 
The product is an unsaturated alcohol. In 1,4-addition, R° from RMgX attacks at C-4. This 
is followed by protonation and tautomerisation to yield a carbonyl compound. The overall 
reaction is an addition to a carbon—carbon double bond. 


Mechanism of the reaction: 


1,4-Addition: 
OMgl 
Bo fa \ P Lee aes: 
CH;—CHSCH*C—CH + G,Hs)-Mgl —> CHy—CH—CH=C—CH, 
CoHs [po 
O OH 
| tautom. = 


CoH5 C.Hs 
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1,2-Addition: 


re) OMel 
B a | i) ot 
CH;—-CH=CH—C—CH, + C,H2-MgI —> CH, -CH=CH=C—CH, 

(ee 4 | 
CoH; 
i H,0® 

CHs—CH=CH—C—CHs _—_ 

CoHs 


The predominant factor in deciding the course of addition is steric hindrance. Therefore, 
carbonyl addition takes place predominantly in a,f-unsaturated aldehydes while 
ketones yield conjugate addition as the major product due to steric hindrance. Thus, 
PhCH=CHCHO was found to undergo ~100% C=O addition with PhMgBr, whereas 
PhCH=CHCOCHC, was found to undergo ~100% C=C addition with the same reagent. 
This also reflects the decreasing the reactivity of the C=O group in the sequence 
aldehyde > ketone > ester, with consequent increase in the proportion of C=C addition. 


" 
PhCH=CH—C—H aE > PhCH=CH—CH—Ph 
. 3 
1, 2-Addition product 
(100%) 
, Ph 0 
1. PhMgBr Il 


Il 
PhCH=CH—C—CMe; ———3—> Ph—-CH—CH,—_C—CMe, 


3 2.H30°® 
1, 4-Addition product 
(100%) 


In the presence of a small proportion (<10 mol%) of a copper (I) salt (e.g., cuprous chloride, 
cuprous acetate) the addition is almost exclusively at the B-carbon, i.e., 1,4-addition. 
Magnesium organocuprates are the presumed intermediates in such reactions. For 
example: 


PhCH,MgCl + CHy>=CHCO,Et “SS > Ph(CHy);CO2CoH; 
(69 %) 
Reactions of allylic Grignard reagents with carbonyl compounds An allylic Grignard reagent 
reacts with a carbonyl compound by a six-membered cyclic transition state. Allylic Grignard 
reagents actually react as nucleophiles at the end of the allyl system. For example: 
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Grignard reagent reacts 
through this carbon 


Y HO 
1. ~/NW_|_MeBr n LED e105) 


O 2. aq. NH,4Cl 
MgBr HO 


2. aq. NH,Cl 


Mechanism of the reaction: 


. NH,Cl 
Transition state OH | . 


2.2.3 Limitations in the use of Grignard Synthesis 


Even though the Grignard synthesis is one of the most versatile of all general synthetic 
procedures, it is not without its limitations. The limitations actually arise from its 
extraordinary reactivity as a nucleophile and a base. These are as follows: 


i, 


It is not possible to prepare a Grignard reagent from a compound that contains an 
acidic hydrogen (any hydrogen more acidic than the hydrogen atom of an alkane 
or alkene). Thus, we cannot, e.g., prepare of Grignard reagent from a compound 
containing -OH, —NH,, -SH, -COOH or —-C=CH group and this is because the 
resulting Grignard reagent would immediately be neutralized by the acidic group. 
Since Grignard reagents are powerful nucleophiles, we cannot prepare a Grignard 
reagent from any organic halide that contains a ~C=O, —COOR, —COX, -CONH, 
or —CN group. An epoxy group opens up by a Grignard reagent and an NO, group is 
reduced by a Grignard reagent. Hence, these two groups also must not be present 
in the halide molecule. 

A Grignard reagent reacts rapidly with O., CO, and water. So, the reaction system 
must be protected from O,, CO, and moisture of air. The alkyl halide, the carbonyl 
compound and the ether used as solvent must be completely dry and alcohol free. 
Also, the apparatus must be dry. 


2.3 ORGANOLITHIUM COMPOUNDS 


2.3.1 Preparation of Organolithium Compounds 


Organolithium compounds are prepared by the reaction (reduction) of organic halides 
with lithium metal. These reactions are usually carried out in ether solvents, and since 
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organolithium reagents are strong bases and react rapidly with even weak proton sources 
to form hydrocarbons, care must be taken to exclude moisture. The commonly used ethers 
are diethyl ether (Et.O) and tetrahydrofuran (‘/’). 


Bx Ore 2 sR ea 


Alkyl halide Alkyllithium 


For example, tert-butyl chloride reacts with lithium metal in diethyl ether to give a solution 
of tert-butyllithium. 


(CH );C—Cl + 2Li #25 (CH),C—Li + hiCl 
tert-Butyl chloride tert-Butyllithium 


(75%) 


The alkyl halide can be primary, secondary, or tertiary. The order of reactivity of halides 
is RI > RBr > RCI. Fluorides are relatively unreactive and are not generally used in the 
preparation of alkyllithium. Unlike substitution and elimination reactions, formation of 
organolithium compounds does not require the halogen bonded to C,,3. Compounds like 
vinyl and aryl halides, in which the halogen atom is bonded to a C,,,5, react in the same 
way as an alkyl halide. However, the rate is somewhat slower. For example, 


: Et,0 ‘ : 
Cp-Br + ai SH2s C)-Li + LiBr 
Bromobenzene Phenyllithium 
(97%) 


Mechanism of the reaction leading to the formation of R—Li The reaction of an alkyl halide 
with a metal actually takes place at the metal surface. The mechanism involves the steps 
as follows: 


Step 1: An electron in transferred from lithium to the alkyl halide to form a radical anion. 


R& + D> Rok + LP 


Alkylhalide Radical anion 


Step 2: The extra electron in the radical anion occupies an antibonding orbital. This 
radical anion dissociates to form an alkyl radical and a halide anion. 


AGE —> R- + XO 
Radical anion Alkyl radical 


Step 3: The alkyl radical readily combines with a lithium atom to form the organolithium 
compound. 


ROY mR — > R—-li 


Alkyl radical Alkyllithium 
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A second method for preparation of organolithium compounds involves a halogen—metal 
exchange reaction. 


R-Li+R’ -X=—R-X+R’-Li (X =Br, I) 
For example, 


« )- Br + CH,(CH,)sLi ——> ( )—Li+ CH,(CH))sBr 


Bromobenzene Phenyllithium 
Et Br Et Li 
NALA . ~78°C NALA 
“eo” OG + CH;(CH»,)3Li ——~> af + CH;(CHo)sBr 
1-Bromo-but-l-ene 1-Butenyllithium 


The exchange usually occurs with retention of configuration of the parent compounds. 
2.3.2 Reactions of Organolithium Compounds 
2.3.2.1 Reaction as a Base 


Organolithium compounds are very strong bases. They readily abstract a proton from 
any compound that has an acidic hydrogen atom attached to an electronegative atom 
like oxygen, nitrogen, sulphur and even C,,. In fact, organometallic compounds acting as 
carbanions (carbanions rank among the strongest bases) will abstract proton from any 
substance more acidic than an alkane. For example, 


BO oe 
CH,CH,CH,CH,-Li + “HOH —> CH,CH,CH,CH, + LiOH 


Butyllithium Water Butane Lithium 
(Stronger base) (Stronger acid (Weaker acid hydroxide 
pK, = 15.7) pK,, = 62) (Weaker base) 
a i 
CH3yLi + H—NH2 —> CH, + LiNH, 
Methyllithium Ammonia Methane Lithium 
(Stronger base) (Stronger acid (Weaker acid amide 
pK, = 36) pK, = 60) (Weaker base) 
aa ae ae 
CH3yLi + H~C=CH —> CH, + LiC=CH 
Methyllithium Acetylene Methane Ethynyllithium 
(Stronger base) (Stronger acid (Weaker acid (Weaker base) 


pK, = 26) pK, = 60) 
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Ortholithiation (formation of Ar—Li by deprotonating ortho C—H bonds in aromatic 
rings) Butyllithium deprotonates an sp’-hybridized carbon atom to give an aryllithium. 
It works because the protons attached to sp” carbons are more acidic than protons attached 
to sp? carbons. For example, 


OMe OMe 
. Li 
Bula os + Bu—H 
Anisole o-Anisyllithium 


However, there is another factor involved as well. Such a reaction requires a functional 
group containing oxygen (or nitrogen) next to the proton to be removed. This functional 
group directs butyllithium to attack the adjacent proton. It does this by forming a complex 
with the Lewis acidic lithium atom. Since it is only the protons ortho to the functional 
group that can be removed, the reaction is known as ortholithiation. The reaction occurs 
as follows: 


Complexation 
between O and Li IN ALi 
OMe MeO: Bu OMe __ 
& bt SO Ht Li 
+ Bu—Li ——> || © —> + Bu—H 


This is what is called directed orthometalation. The reaction is useful because the starting 
material does not need to contain a halogen atom. 


Use of RLi as a base and concept of Umpolung: Preparation of 1,3-dithianes 
(thioacetals) by treating an aldehyde with 1,3-propanedithiol in the presence of a trace 
acid, alkylation of the dithiane through the formation of its anion by strong bases such as 
butyllithium and hydrolysis of the product (a thioketal) to give a ketone provides a method 
for converting an aldehyde to ketone. 


7 Co oe OyHy—Li co scr Ck 
4t1g—hl 2 
Ten (-H,O) So (—C4H jo) Sb / Sy2 
KOH R Ke ne -Lix 
An aldehyde A 1,3-dithiane 0 
(a thioacetal) I HeCl 
2 > 
os eg ae 


A ketone A thioketal 
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In these syntheses involving 1,3-dithiane, the usual mode of reaction of an aldehyde is 
reversed. Normally, the carbonyl carbon atom is partially positive, i.e., it is electrophilic 
and it reacts with nucleophiles. When the aldehyde is converted to a 1,3-dithiane and 
treated with butyllithium, the same carbon atom becomes negatively charged and reacts 
with electrophiles. This reversal of polarity of the carbonyl carbon atom is called umpolung 
(German for “polarity reversal”). The 1,3-dithiane anion is, therefore, a synthetic equivalent 
of an anionic carbonyl carbon atom (an aldehyde carbanion). 


Qo” 


| 1. HS(CH,);SH/H® _ T 
Co 2. CH;CH,CH,CH,Li SSS he 
7s > 
R H R K 
An aldehyde A 1,3-dithiane 


anion 


— 


2.3.2.2 Reaction as a Nucleophile 


Umpolung 


Organolithium compounds are more strongly nucleophilic than the corresponding 
Grignard reagents. They undergo all the addition reactions of the latter, in some cases 
more efficiently. 


(a) Reaction with carbonyl compounds and synthesis of alcohols Reactions of alkyl or 
aryllithiums with carbonyl compounds are similar to those of Grignard reagents, i.e., 
with formaldehyde they give primary alcohols, with other aldehydes they yield secondary 
alcohols and with ketones they produce tertiary alcohols. 


Soe BE =. Hee 
(i) en eee CH,=0 —> R—CH,0°Li® 4" > RCH,OH 
Formaldehyde A primary alcohol 


e) 
For example: CHy—Li + CH,=O —> CH,CH,OLi —“°-> CH,CH,OH 


Ethyl alcohol 


RL Rk’ 
a ie; | ® 1,0 | 
(ii) Ryti+ RCH=0 —> R-CH—OLi "> R-CH—OH 
An aldehyde A secondary alcohol 
CH; CH; 


| e | 
For example: CH;—Li + PhCH=O —> Ph—CH—OLi —22 > Ph—CH—OH 
1-Phenylethanol 
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a ‘i R 
5< be R | | 


OF O& ) 
(iii) Roti + woe = R—C—Ohi Tne’, R—C—OH 
A ketone R” R” 
A tertiary alcohol 
Ph 
o) 
For example: Ph—Li + Ph—C—Ph —> Ph—C—OLi —22-> Ph,COH 
| in Triphenylmethyl 
carbinol 


Alkyllithiums have an advantage over Grignard reagents. While the latter fail to give 
tertiary alcohols when treated with sterically hindered ketones, the former react with 
such ketones giving the corresponding tertiary alcohols. For example, 


i ) 
(CHs)2CHLi ((CH),CHI,COLi= 
[(CH,),CH],COH 
= sol HI]3 
cite aa ucts Triisopropylcarbinol 
2,4-Dimethyl-2-pentanone (CH3)o>CHMgBr y A 


(b) Reaction with carbon dioxide (carbonation) When an alkyllithium is treated with COs, 
the alkyl group adds to the carbonyl group of CO, to form a carboxylate anion. Even 
though the carboxylate anion is resonance stabilized, it undergoes nucleophilic attack by 
a second molecule of RLi, to yield a ketone. This is not observed in the case of relatively 
less reactive RMgX. A carboxylic acid (RCOOH) also reacts with two molecules of R—Li 
to give a ketone. 


oO o+ 
o2¢=0-8-4 & o~) uP OH 
& ) & @ 
? wae >R-CoCOLP > ROLY > On — 
R-c-0 2 | R 


H,0°® 
:OH 


—H® = -H,O | @ 
R,C=O — R,C=Q7H <—— R,C—OH2 <— 


e.g., Ph-Li + PhCOOH “> PhCOPh 
Benzophenone 
(70%) 
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(c) Reaction with carboxylic acid derivatives Carboxylic acid derivatives like RCOCI, 


) cS) 
RCOOR or RCONR, have reasonably good leaving groups (C1°, OR or NR, ). So, the 
primary tetrahedral adduct obtained by the reaction of R—Li with these functional groups 
stabilizes itself by expelling these leaving groups to give the final product. 


(L = Cl, OR or NR») 
For example: CH3(CHo)ghi + CH3CONMe, 7 CH3(CH»2)gCOCH3 
2-Dodecanone (88%) 
CH3(CH,)gLi + HOONMe, ———> CH3(CH,),CHO 
Undecanal (60%) 


(d) Reaction with o,f-unsaturated carbonyl compounds Due to higher ionic nature of R—Li 
bond, the organolithium compounds act as harder nucleophile compared to RMgX and 
hence preferentially attack the harder electron-deficient carbonyl carbon atom. 


a e~’ : 
O OH 


OLi 
ie 
For example: CH,—Li + CH,;,CH==CHCOCH,CH; —> CH;CH=CH—C—CH,CH; 
Methyllithium Hex-4-en-3-one Hes 
H,0 
i 
ae ai 

OH 


3-Methylhex-4-en-3-ol 


2.4 ORGANOCUPRATES OR GILMAN REAGENTS 


New carbon—carbon bond can be formed by using organometallic compounds that has a 
transition metal as its metal atom. The first organometallic compounds used in coupling 
reaction (coupling of two alkyl groups leading to a hydrocarbon) were organocuprates 
or lithium dialkylcuprates (R,CuLi). These are also called Gilman reagents after their 
discoverer, Henry Gilman. Organocuprates are much less reactive than organolithium 
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compounds or Grignard reagents because the C—Cu bond is relatively less polar than 
the C—Li or C—Mg bond, i1.e., Cu is closer in electronegativity to carbon than is lithium or 
magnesium. Only one of the two alkyl groups in an organocuprate is used as a nucleophile 
in its reactions. 


2.4.1 Preparation of Lithium Dialkylcuprates (Gilman reagents) 


A lithium dialkylcuprate can be prepared by the reaction of two equivalents of an 
organolithium reagent with cuprous iodide in diethyl ether or THF. Transmetallation 
occurs because Cu is more electronegative (1.8) than Li (1.0). For example: 


2CH;Li+ Cul eo?  (CHg)CuLi + Lil 
Methyllithium Lithium dimethylcuprate 


(a Gilman reagent) 


Lithium diarylcuprates are prepared in the same way as R,CuLi. 
Mechanism of the reaction: 


Step 1: One molar equivalent of methyllithium displaces iodide from copper(I) iodide 
to give methylcopper(I) species. The driving force for this reaction is the preference of 
lithium, the more electropositive metal, to exist as an ionic compound (Li®I°). 

é- + 

LicMe + “CuCt —BBO 5 Me—Cu + LPP 

Methyllithium Copper(I) Methylcopper Lithium 
iodide iodide 

Step 2: The second molar equivalent of methyllithium adds to methylcopper to give a 
negatively charged Me,Cu® species called dimethylcuprate. It is formed as its lithium 
salt, lithium dimethylcuprate. 


be 5 
ftis” + cu—Me —> [Me—Ci—Me]Li® 
Methyllithium Methylcopper Lithium dimethylcuprate 


2.4.2 Reactions of Lithium Dialkylcuprates 


Because of the low ionicity of C—Cu bond, lithium dialkylcuprates are not readily attacked 
by weak acids like water and alcohol. These reagents are formally nucleophilic and like 
other organometallic compounds may be represented by the synthon R°. In fact, these 


reagents can be conceptualized as an alkyl anion complexed to copper: R—Cu --- RL. 
They typically react with acid chlorides, aldehydes and alkyl halides (except tertiary alkyl 
halides). However, they do not react with ketones, esters and nitriles. Some important 
reactions of cuprates are as follows. 
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2.4.2.1 Coupling Reactions 


Lithium dialkylcuprates react with primary alkyl halides to yield alkanes. This method 
for the synthesis of hydrocarbons is known as Corey—Posner, whitesides—House synthesis. 
For example: 


Et,0/0°C 


(CH3),.CuLi + CH3(CH»)gCHol oo 7 CH3(CH»)gCH,CH3 
Lithium 1-Iododecane Undecane 
dimethylcuprate 


Due to low ionic character of the C—Cu bond, the low oxidation potential of Cu()—Cu(I]) 
reaction and ability of Cu to form clusters contribute to the ability of dialkylcuprates to 
undergo coupling reactions giving C—C bond formation. 


The most frequently used organocuprates are those in which the alkyl group is primary. 
Steric hindrance makes secondary and tertiary dialkylcuprates relatively less reactive. 
The reaction of organocuprate reagents with alkyl halides follows the usual Sy2 order: 
CH; > 1° > 2° > 3° and I > Br > Cl > F. p-Toluenesulfonates are somewhat more reactive 
than halides. Since the dialkylcuprate reagent and the alkyl halide should both be 
primary in order to have a good yield of coupled products, the reaction is usually used 
for the formation of RCH,—CH,R’ and RCH,—CHzs bonds in alkanes. There is probably 
more than one mechanism by which dialkylcuprates react with organic halides and this 
is because vinyl and aryl halides, which are known to be very unreactive in Sy2 reaction, 
are found to react smoothly with lithium dialkylcuprates. 


H Br H CH 
: \ / THE/0°C \ Joos 
(CH3)o.CuLi + C= C=C 
ve Ph” SH Phy =H 
Lithium trans-1-Bromo- trans-1-Phenylpropene 
dimethylcuprate 2-phenylethene (81%) 


The substitution is stereospecific, i.e., the configuration of the double bond is retained in 
the product. 


(CH,CH,CH,CH)),CuLi + (~ )—I =2° ><) CH,CH,CH,CH; 


Lithium dibutylcuprate Iodobenzene Butylbenzene (75%) 


Organocuprates can even replace halogen in compounds that contain other functional 
groups (e.g., C=O, C=N, etc.). 


2.4.2.2 Reaction with Epoxides 


Dialkylcuprates react with epoxides (a substitution reaction) to yield, after acidification, 
a primary alcohol with two more carbons than in the alkyl group of the reagent. For 
example: 
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O 
os 
(CH;CH,),CuLi + H»C—CH, —> CH;CH,CH,CH,O° Li® + CH;CH,Cu 
Lithium Ethylene oxide dil. HCI 
diethylcuprate CH3;CH,CH,CH,OH 


1-Butanol 


Mechanism: 


iS) Roe OQ Sn2 see oe 
CH3,CH,Cu CH,CH3 + H»C—CH, = Rae ee) Li + CH,CH,Cu 
@ 
Li pees Ht 
CH,CH,CH,CH,OH 


If one carbon of the epoxide contains an alkyl substituent, then attack takes place at the 
less crowded other carbon. 


2.4.2.3 Reaction with Acid Chlorides 


Lithium dialkylcuprates react with acid chlorides (in which Cl®° is a good leaving group) 
to yield ketones. This method for the synthesis of ketones is especially useful because, 
unlike RLi or RMgxX, dialkylcuprates do not attack ketones. Because ketones are much 
less reactive than acid chlorides towards dialkylcuprates, they do not react further. 


O 
| | 

we + R,.CulLi —> R’—C—R + RCu + LiCl 
R Cl (1 mol) 


Mechanism: 
q ae 9 
iS} . 
C+ RSCu-R—> R—-Cu-R—C-R BC 
R Cl Li a RX oR 


The greater reactivity of an acid chloride is due to formation of a complex like 
Seo ce 385 
ee ee with greater 6° on the carbonyl carbon. 


O 
2.4.2.4 Reaction with Aldehydes 
Though ketones are not easily attacked by dialkylcuprates, the aldehydes are readily 
attacked to yield alcohols as the final product. 


O 
| OH 


a - 1. ether _/ = 
R H + RoCuli 508° R’—CH—R 


A 2° alcohol 
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Mechanism: 


Cx | e | 
Re “y+ WG R ES R’—CH—R 7#°> R’—CH—R 
Li’ 
2.4.2.5 Reaction with oc, B-unsaturated Carbonyl Compounds 


Lithium dialkylcuprates react with a,B-unsaturated carbonyl compounds to give almost 
invariably, the products of conjugate addition. For example: 


O 
e +  (CH,),CuLi ers oo on 
CH, 


2-Cyclohexenone Lithium 
dimethylcuprate 3-Methylcyclohexanone (97%) 


Due to higher percentage of covalency in C—Cu bond in dialkylcuprates these compounds 
act as sources of soft nucleophilic R®° ions. These soft nucleophiles preferentially attack the 
soft B-carbon of an a,$-unsaturated carbonyl compound in a conjugate addition reaction. 


Mechanism: 

a 
i) ie 
+ CH; Cu—CH, Miueel, Michael eins on1-cu sl H <> pe | 

Li® CH; CHsg| 
H,0 
oo tautom. aos, Ha 
CH; CHs; 


2.5 ORGANOZINC COMPOUNDS 


Organozinc compounds are relatively unstable and are not used much in preparative 
organic chemistry. 


2.5.1 Preparation of Organozinc Compounds 


2.5.1.1 From Alkyl Halides 


Treatment of freshly prepared Zn fillings with alkyl iodides results in formation of alkylzinc 
iodides (RZnI). These upon distillation in CO, atmosphere give dialkylzinc compounds. 
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RI+Zn—> RZnl ; 2RZnl Gaye Re4Zn + Znl, 


Dialkylzinc 


In this reaction, high boiling ethers are used as solvents and Zn—Cu alloy is employed in 
place of metallic zinc. For example, 


2 CoHsI +2 Zn —> 2 CoH;ZnI 22> Zn(C.Hs), + Znl, 
Diethylzinc 


2.5.1.2 By Transmetallation Reaction 


Organozinc compounds can also be prepared by transmetallation reaction. 
2RLi + ZnCl, —> R,Zn + 2LiCl 


Organozinc compounds are nonpolar low boiling liquids or low melting solids, soluble 
in organic solvents. The lower zinc compounds are inflammable in air, and so, they are 
prepared and used under CO, atmosphere. 


2.5.2 Reactions of Organozinc Compounds 


The chemical reaction of organozinc compounds are similar to those of Grignard reagents. 
However, they are less reactive than Grignard reagents. For instance, they do not react 
with CO, (unlike Grignard reagents) and react only slowly with ketones, esters and 
cyanides. Some important reactions of organozinc compounds are as follows. 


2.5.2.1 Reaction with Water 
Dialkylzinc compounds react readily with water forming hydrocarbons. 
OH 
YN 
2 RoZn + 2 H,O —> 2 RH + oo ee 
OH 


2.5.2.2 Reaction with Acid Chlorides 


Acid chlorides react with organozinc compounds to give ketones. Since ketones react with 
organozinc compounds extremely slowly, they can easily be isolated from the reaction 
mixture. 


I 1 
nO 59 
ZN ZN 
R—Zn-B\+_B/ Cl—> R’ a R —> RZnC1+R’ R 
l 


The reactions of dialkylzinc compounds with esters, cyanide, etc. is extremely slow, and 
hence, they have practically no synthetic importance. 
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2.5.2.3 Reformatsky Reaction (formation of B-hydroxyesters) 


The reaction of an a-halo ester, usually an a-bromo ester, with an aldehyde or ketone in 
the presence of zinc in an inert solvent (e.g., ether, benzene, toluene, THF, etc.) to produce, 
after hydrolysis, B-hydroxy esters is called the Reformatsky reaction. 


Example: 
OH 
CH3;CH,CH,CHO + BrCH,CO,Et sae? CH,CH,CH,CHCH,CO,Et 
Butanal Ethyl A B-hydroxyester 


bromoacetate 

The carbonyl compound used may be aliphatic, aromatic or heterocyclic and may contain 
various functional groups. 

Since organozinc compounds are much less reactive than RMgX and RLi, they 
chemoselectively attack the carbonyl group of an aldehyde or a ketone and not the ester 
group. Therefore, self-condensation reaction does not take place. By taking this advantage 
of low reactivity of organozinc compounds over organomagnesium or organolithium 
compounds f-hydroxyesters can be prepared by the Reformatsky reaction. 


Mechanism of the reaction The mechanism of the reaction involves the steps as follows: 


Step 1: The o-bromo ester reacts with zinc in benzene to produce a zinc enolate. 


‘ _ _ ae 
Ys i Br OY ae Br 
B dN, BY i —> 4 <-> i 
RS I van of 
CH, OEt H.C’ OEt H.C’ ‘ont CH, ‘OEt 


zinc enolate 


Step 2: The zinc enolate adds to the carbonyl group of the aldehyde to form a zinc alkoxide. 


Zn ., 
oO O o re) 
bee & dy 
“yy ae 
CH,CH,CH, H,C OEt CH.CH,CH,; ‘CH, OEt 


Step 3: The alkoxide on hydrolysis produces a f-hydroxy ester. 


Nas 
ee os oH 
H,O 
| |  —wait,so,? CHsCH,CH,CHCH,CO,Et 
~ ms Ethyl 3-hydroxyhexanoate 


AN... 
CH,CH,CH, CH, OEt 
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Synthetic application of the reaction Some important applications of the reaction are as 
follows: 

(i) The hydroxy ester obtained in the Reformatsky reaction can be dehydrated to 
yield o,f-unsaturated esters. Catalytic hydrogenation of the unsaturated esters 
followed by hydrolysis yields saturated carboxylic acids. The complete procedure 
thus constitutes a useful two-carbon chain extension process. 


OH 
R | 
oe 1, PaIC Ge. yh H,SO/A 
a + BrCH,CO:Et 2H R i CH COsEt acca KHSO, 
R R’ or ACO 
An aldehyde (R’=H) A B-hydroxy ester <a 
or a ketone 
ji ji j 
1) : 
R’—CHCH,COOH <3 pag 2"* R’—CHCH,CO,Et <2 R$—C=CH—CO, Et 
a | 
A saturated A saturated ester An a, B-unsaturated 
carboxylic acid ester 


(ii) A modification of the Reformatsky reaction is the Blaise reaction in which a nitrile 
is made to react with an a-halo ester to get a B-keto ester. 


eae Br 
R—C=N + BrCH,CH,Et "> R-C—CH,CO,Et “rire? R-C—CH,CO,Et 
A nitrile A f-keto ester 
Mechanism: 
. yas [ in Br gy /Zn—Br 
“Zn << 
Br-CH, OEt H.C OEt [Hy OEt H.C OEt 
Zinc enolate 
fs nad 
-4n nN - 
yi / ‘ 
Ww) Xo N 0 
Step 2: I sf —_> i d 
i a. ae a 


R  4HC OEt R CH; OEt 


2.30 Organic Chemistry: A Modern Approach 


Br 
ff Zn - 7 _ 
1 1 L” 
H,O hydrol 
. & C. —~— C. CO,Et C CO,Et 
Stee 7 \ eS, TN MeN Oe 
R CH, OEFt IR CH, ; R CH, 
An imine 
(susceptible to hydrolysis) 
(iii) Citric acid can be prepared by this reaction. 
es Be gone 
O=CO + BrCH,CO,Et aes DO 
CH,CO,Et ce HO,C CH,CO,H 
Diethyl 2-oxobutanedioate Citric acid 


(iv) 2-Formylthiazole may be converted to the corresponding a,$-unsaturated ester by 
this reaction. 


{ 1.Zn/ether. // \\ 
{co + BrCH,CO,Et 2H,O® Serr 


2.5.2.4 Simmons-Smith Reaction (Cyclopropanation of Alkenes) 


A very useful organozinc compound is iodomethylzinc iodide (ICH,ZnI). It reacts with 
olefins to form cyclopropane derivatives. This reaction is known as Simmons—Smith 
reaction and the organozinc compound, i.e., iodomethylzinc iodide is called Simmons— 
Smith reagent which is generated in situ and obtained by the following reaction similar to 
the formation of a Grignard reagent. 


Et,0 


CHoI, + Zn(Cu) —*—> I—CH,—ZnlI 
Methylene Zinc—copper Iodomethylzinc 
di-iodide couple iodide 


This kind of reagent is termed as carbenoid because it is not a free carbene (:CH,) but has 
carbene like reactivity. An example of Simmons—Smith reaction is as follows: 


pens CH,CH3 
—_ CH,I,,Zn(Cu) : 
H2C=C.. “Ei,0 Be 
CH3 CH3 
2-Methyl-1-butene 1-Ethyl-1-methylcyclopropane (79%) 


The reaction is stereospecific. Substituents that were cis (or trans) in the alkene remain cis 
(or trans) in the cyclopropane. For example: 
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Et Et Et Et 

Nc _ Cc CH,I,/Zn(Cu) 

Ww) one H H 
cis-3-Hexene cis-1,2-Diethylcyclopropane 
Et H Et H 

\ a na CH,I,/Zn(Cu) 

_ Et,0 

HO Et ° V . 

trans-3-Hexene trans-1,2-Diethylcyclopropane 


Mechanism of the reaction A concerted stereospecific transfer of methylene (:CH,) from 
the carbenoid to the double bond of the alkene takes place to create a cyclopropane ring. 
This is a syn-addition process that takes place as follows: 


r 4t 


EL po ok or Et H 
ee — |H~Z Et | -m, H Et 
a Et 7 jCH3.., an 
I [Zn . 
= TS = trans-1,2-Diethylcy- 
i clopropane 


Po SOLVED PROBLEMS POT 


1. Which compound in each of the following pairs would you expect to have 
a more polar carbon—metal bond? 
(a) HC=CMgBr or CH,CH,MgBr 
(b) Me,Mg or Me,Zn 
(c) CH,;CH,CH, Li or (CH,CH,CH,),Al 

Solution 

(a) Since C,, is more electronegative than C,,;, the C—Mg bond in HC=CMgBr is 
more polar than the C—Mg bond in CH,CH,MgBr. 

(b) Since Zn is more electronegative (less electropositive) than Mg, the C—Mg bond in 
Me,Mg is more polar than the C—Zn bond in Me,Zn. 

(c) Since Al is more electronegative (less electropositive) than Li, the C—Li bond in 
CH,CH,CH,Li is more polar than the C—AI bond in (CH,;CH,CH,)3Al. 

2. Suggest appropriate methods for preparing each of the following 
organometallic compounds from the starting material of your choice: 
(a) CH,CH,CH,CH,MglI (b) (CH3),CHC=CMglI 
(ec) CH,(CH,),Li (d) (CH,CH,CH,CH,),CuLi 
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Solution 
(a) CH3;CH,CH,CHaelI + Mg Sther, CH,CH,CH,CHoMgl 
1-Iodobutane Butylmagnesium iodide 
(b) (CH3)>CHC=CH+ CHsMgl 5 (CHs),CHC=C Mel 
3-Methyl- Methylmagesium 3-Methylbutanylmagnesium 
1-butyne iodide iodide 
(c) CH,CH,CH,CH,CH,Cl + 2Li 8°, CH,CH,CH,CH,CH,Li + LiCl 
1-Chloropentane Pentyllithium 
(d) 2CH;CH,CH,CH,Li + Cul > (CH,CH,CH,CH,)CuLi + Lil 
Butyllithium . Lithium dibutylcuprate 


3. Predict the products expected to be formed when metallic magnesium 
is allowed to react with (a) BrCH,CH,Br, (b) BrCH,CH,CH,Br and 
(c) BrCH,CH,CH,CH,Br in dry ether. 


Solution 
(a) The initially formed Grignard reagent eliminates (an E2 reaction) a molecule of 
MgBr, to form ethylene. 


WeBr 
Br—CH,CH,—Br + Mg thers |H,C { n, _ #2 5 CH,»=CH, + MgBr, 
Cpr 


(b) The initially formed Grignard reagent undergoes intramolecular S,2 reaction to 
form cyclopropane. 


[+ “| Sy2 
Br—CH,CH,CH,—Br —¥_5 Hi Yi ay aa + MgBro 
CH, CH, 


Gr 


L Cyclopropane 
(c) 1,4-Dibromobutane reacts with metallic magnesium in dry ether to form a Grignard 
reagent and this is because formation of a cyclobutane ring is entropically less 
favoured. 
Br—CH,CH,CH,CH.—Br + Mg hes BrMg CH,CH,CH,CH,MgBr 
Grignard reagent 
4, What do you mean by Zerewitinoff active hydrogen determination? 
Illustrate with a suitable example. 
Solution The procedure for the determination of the number of active hydrogen atoms 
present in any compound using methylmagnesium iodide is known as Zerewitinoff active 
hydrogen determination. 
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In this procedure, the compound containing active hydrogen (hydrogen attached to an 
electronegative element like O, N, etc.) is allowed to react with methylmagnesium iodide 
(MeMglI) and the volume of the liberated methane is measured. If at NTP, the compound 
liberates 22.4 1 of CH,, it must contain one active hydrogen. For example: 


b) 5+ i 5+ 
C,H;—O—H + CH3;—MgI——> CH,? + Mg(OC,H;s) I 
Ethanol (1 mol) 1 mol or 
22.41(NTP) 


Therefore, ethanol contains one active hydrogen. 
5. How would you plan a Grignard synthesis of an alcohol? Illustrate with 
an example. 


Solution Almost any alcohol can be synthesized by skilfully using a Grignard synthesis. 
In planning a Grignard synthesis the correct Grignard reagent and the correct aldehyde, 
ketone, ester or epoxide must be chosen. This can be done by examining the alcohol we 
want to synthesize and by giving special attention to the groups attached to the carbinol 
carbon, i.e., the carbon bearing the —OH group. Sometimes, the desired alcohol can be 
prepared by a number of ways. In such cases, the availability of starting compounds 
determines the actual way of carrying out the synthesis of that alcohol. 

Suppose we want to prepare 2-phenyl-2-propanol. If we examine its structure, we will see 
that a phenyl group and two methyl groups are attached to the carbon atom bearing the 
—OH group. 


OH 


| 
H3C 2 
CH, 


2-Phenyl-2-propanol 
Therefore, this 3° alcohol can be synthesized in several different ways: 
1. A ketone with two methyl groups (2-poropanone) may be allowed to react with 
phenylmagnesium bromide. 
Retrosynthetic analysis 


OH 
l| 
H,c~£ = i c-C\ cH + cr 
HC 
Synthesis 

O OH 

II C 

CH,~C™ CH, + cir 18,0 H3C~? n@) 
CH 
Acetone Phenylmagnesium 2. NH CV/H20 3 


Pade 2-Phenyl-2-propanol 
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2. A ketone containing a methyl and a phenyl group (acetophenone) may be allowed 
to react with methylmagnesium iodide. 
Retrosynthetic analysis 


i " 
C Pe © 
H,C*s$ —» CH; n@® + CH3MglI 
CH; 
Synthesis 
O OH 
C 1. Bt,0 C 
— : — 
CHs CO + CH;Mgl 3-NH,GLH,0° H30~/, 
CH; 
Acetophenone Methylmagnesium 2-Phenyl-2-propanol 
iodide 


3. An ester of benzoic acid may be allowed to react with two molar equivalents of 
methylmagnesium iodide. 
Retrosynthetic analysis 

° 

Hj,C77 


H 6) 
fe 
“~OMe 
———) 
ic OO Cr + 2 CH;Mgl 


OH 


l| 
1. Et,0 
CO OMe +2 CH Mel Niammo? Hse CF 
CH, 


Methyl benzoate Methylmagnesium 2-Phenyl-2-propanol 
iodide 
All these methods are expected to give the desired alcohol in good yields. 
6. Provide retrosynthetic analysis and synthesis of the following Ketone (an 
alcohol with no more than five carbon atoms is to be used as the only 
organic starting material). 


Synthesis 


2,7-Dimethyl-4-octanone 


Solution The carbon skeleton can be constructed from two five-carbon compounds using a 
Grignard reaction. The desired ketone can then be produced by oxidation of the resulting 
alcohol. 
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Retrosynthetic analysis 


O OH O 
FGI MgBr 
SN —— Soh — oe F eae ae 
Synthesis 
oe i 
H a a iat or 
3-Methy Ibutanal Isopentylmagnesium acetone | K,Cr20,/H,SO,4 
bromide 
O 


SN 


2,7-Dimethyl-4-octanone 


The required Grignard reagent and the aldehyde can be synthesized from isopenty1 alcohol 
as follows: 


acide PBr; i Mg Sagres 


Et,0 
Isopentyl Isopentyl Isopentyl magnesium 
alcohol bromide bromide 


OH PCC 
I 1 alcohol 
sopentyl alcoho 3-Methylbutanal 


7. Provide retrosynthetic analysis and synthesis for each of the following 
alcohols, starting with appropriate alkyl or aryl halides. 


OH 
(a) PhOCC,H,), (three ways) (b) Ph,COH (two ways) 
CH3 
(c) jaecaleaer: (three ways) (d) Cy ~ ~on (two ways) 
a OH 


OH | 
(e) Os (three ways) (f) Ph—CH—CH3 (two ways) 
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Solution 
(a) (i) Retrosynthetic analysis 
fia i 
C—C,H; => C + Ph+MgBr => PhBr + Mg 
Ph’ “GH, Hcy “GAH; 


3-Pentanone 
Synthesis 
9 OH 
1. H,C,—C—C,H; 
> C~C,H; 
2. aq. NH,Cl Ph~ OSH; 
3-Phenyl-3-pentanol 


Mg 
Ph—Br ra PhMgBr 


(ii) Retrosynthetic analysis 


io i 
LSCHs => CL + CyH;—MgBr 
Ph CoH; Ph CoH; \ 
Ethyl phenyl ketone C,H;sBr + Mg 
Synthesis 
° OH 
Mg 1. Ph—C—C;H; 
C,H;—Br ed C,H;sMgBr 2. aq. NH,Cl _&—CoHs 
Ph CoHs 


3-Phenyl-3-pentanol 
(iii) Retrosynthetic analysis 
OH 


| | 
UE “S-Calz => C a 2C.H;-+-MgBr => CoHsBr + Mg 
Ph” OH. Ph 


Synthesis 


O 
lI 
Me 1. Ph—C—OMe | 
> a 
CoH;sBr shee 2C2H;sMgBr 2. aq. NH,Cl Ze CoHs 
Figrd Ph CoH; 


equivalents) 3-Phenyl-3-pentanol 
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(b) (G) Retrosynthetic analysis 


OH OH 
C~Ph = C + Ph--MgBr 
Ph’ “py Ph~ Ph 


Benzophenone PhBr + Mg 


Synthesis 
O 
i 
M LPh~° Ph 
Ph—Br _=s PhMepr ——_—___ > Ph,;,COH 
ether 2. aq. NH,Cl . 
Bromobenzene Triphenylmethanol 
(ii) Retrosynthetic analysis 
a I 
C+Ph => C + 2Ph+MgBr 
Ph~ Spy Ph~ “OMe 
Methyl benzoate PhBr + Mg 
Synthesis 
O 
I 
= Mg 1.Ph~ ~OMe 
Ph—Br at PhMgBr il Ph;COH 
Bromobenzene (2 equiv.) Triphenylmethanol 


When a carbinol carbon contains two similar substituents, then it can be 
prepared by a Grignard synthesis involving an ester. 
(c) G) Retrosynthetic analysis 


‘a i 
CH;CH,CH»--CCH,CH; a gre a CH3CH,CH»--MgBr 
| CH CH,CH3; 
OH : lI 
2-Butanone CH;,CH,CH.Br + Mg 
Synthesis 
? OH 
Mg i; cu, ° ~cH,cH, | 
CH,CH,CH,—Br —7*> CH3CH,CH)MgBr 5-7 > CHsCHsCHs—C—CH,CHs 
CH, 


3-Methyl-3-hexanol 
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(ii) Retrosynthetic analysis 


O 
CH; | 
| POs 
CHsCH2CHs—C5-CH2CHs => CH3CH,.CHy, CH, + CH3CH,{MgBr 
OH { 
2-Pentanone CH;CH2Br + Mg 
Synthesis 
om 
Mg 1. CH,CH,CH,COCH, a 
CH3CH,Br aikes” CH3;CH,MgBr 2. aq. NH,Cl CH3CH2CH» ¢ CH»,CH3 
Ethyl bromide OH 


3-Methyl-3-hexanol 


(iii) Retrosynthetic analysis 


) 
re ! CH,-(-Megl 
+ g 
CH,CH,CH,—C—CH,CHs = CH,CH,CH,~ > CH,CH, ' i 
OH 3-Hexanone CH,I + Mg 


Synthesis 


CH, 
1. CH3;CH,CH,COCH,CH3; 
2. aq. NH,Cl 


| 
ether > CH3;CH,CH,— : a CH,CH3 


Methyl OH 
iodide 3-Methyl-3-hexanol 


CH; ae peace CH3MglI 
(d) (G) Retrosynthetic analysis 
O 
Cyn Cy 
Synthesis 
Se Mg Cy 7 Mer 1 HeHo , 1. HCHO Cy ~ ~on 
ether 2. H,0° 


1-Bromo-2-phenyl- 3-Phenyl-1-propanol 
ethane 
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(ii) Retrosynthetic analysis 


yy 
cr = + Mg 
Synthesis 


Cc. Mg cr eer OH 
“ehee 2; 2H 


Benzyl 3-Phenyl-1-propanol 
bromide 


(e) (i) Retrosynthetic analysis 


OH 
© Xu, => < =O + CH;$Mgl —> CHgl + Mg 


Cyclohexanone 
Synthesis 
1. < »—O CH 
CH,;—I “> CH, Mgl ———“—> «cx A 
ether 2. aq. NH,Cl OH 
Methyl 
iodide 1-Methylcyclohexanol 


(ii) Retrosynthetic analysis 


OH CHy|__ CH, 


Synthesis 


CH; CH; ee 


Br a 


7-Bromo- 1-Methylcylohexanol 


2-heptanone 
(iii) Retrosynthetic analysis 
1 
C BrMg+(CH MgB 
EC = 6H Sone * P* g-(CH»)s-MgBr 


y 


Ethyl acetate Br(CH,);Br + 2 Mg 
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Synthesis 


Mg (2 equiv.) 1. ere 
Br(CH»)sBr — a, > BrMg(CHp)sMgBr ra? q. NH,Cl 7 HeO, CN 


iticdeitcncen 
(f) (i) Retrosynthetic analysis 


OH " 
| C 
Ph-++CH—CH; => CHY “NH + Ph+MegBr => PhBr + Mg 
Acetaldehyde 
Synthesis 


as 


LCH NH 27 
Ph—Br vt PhMgBr SS Ph CH3 


ane 1-Phenylethanol 
Bromobenzene 
Gi) Retrosynthetic analysis 
OH 
Ph_CHS-CH, — ae SH + CH;-MgI => CHI + Mg 
Benzaldehyde 
Synthesis 
gp of 
CH,—I —=> CH;Mgl ss ph~ Hcy, 
Methyl = 1-Phenylethanol 
iodide 


8. Predict the intermediate products A, B and C in the following reaction 
sequence and give your reasoning. 


O 
| 
CH CH Cc EtMgB EtMgB EtMgB 
HOW? 07 7? SCHs~ ~~ SOEt ——=> a—=* o> C 
I (1 mol) (1 mol) (2 mols) 


Et. /OH 
CH CHo» C 
HO” \c7 \cH,” Nt aq. NH,Cl 
Et” OH 
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Solution The order of reactivity of various functional groups including active hydrogen 
towards Grignard reagent is as follows: active hydrogen >> —CHO 2C=0 > —COOR. 
Therefore, in the first step, EtMgBr reacts with the alcoholic —OH group to form A. In the 
next step, it reacts with the keto group to form B and in the final step, 2 mols of it reacts 
with the ester group to form C. 


: EtMgBr 

EtMgBr(1 mol 

HOCH,COCH,CH,CO,Et creas BrMgOCH,—C —CH,CH,Co,Et —222 
—C,He A | 


OMgBr OMgBr ,, tMgBr OMgBr 


| 
aq. NHC! _ BrMgOCH,CCH,CH,C—Et <?@™”*_ BrMgOCH,—C—CH,CH,CO,Et 


| | | 
Et Et Et 
i. Cc B 
HOCH, OCH2CHACEts 


| 
OH OH 


9. Predict the products expected to be formed in the following reaction and 
give your reasoning: 


1. Et,0 
<O>-CcHO + <O>-MeBr nt ad 


Benzaldehyde Phenylmagnesium 
(2 mols) bromide (1 mol) 


Solution Phenylmagnesium bromide reacts with two molar equivalents of benzaldehyde 
to yield benzophenone (a ketone) and benzyl alcohol (a 1° alcohol) by a hydride transfer 
mechanism (as in Cannizzaro reaction). 


Ov { 
I 5+ S| (O>-¢-H 
(oneieon MgBr Et,0 Cr <a 
as — 
oO H°transfer 
Benzaldehyde Phenylmagnesium 

bromide O 


|| 
° ¢ 
<O>~cH,0n <= (O)-cH,—oMgBr + Or oO 


Benzyl alcohol Benzophenone 


Fe Oa seco ace oe eee een Cogan Chemis Maan ApRrOaen 
10. How would you convert an alcohol (ROH) to its higher homologue 
(RCH,OH) by using a Grignard reaction in one of the steps? 


Solution 


HB HCH 
R—OH : RBr — <> RMgBr —-<--> RCH,OMgBr 1:0", RCH,OH 


or NaBr/H,SO, ether 


11. Explain why alkyl fluorides (R—F) do not produce Grignard reagents 
with metallic magnesium in dry ether medium. 


Solution The C—F bond is much stronger than the other C—X (X = Cl, Br, I) bonds. 
Therefore, homolytic cleavage of the C—F bond is quite difficult and as a consequence, 
alkyl fluorides do not produce Grignard reagents when allowed to react with magnesium. 
(Bond dissociation energies for C—F = 107 kcal/mol; C—Cl = 78 kcal/mol; C—Br = 68 kcal/ 
mol and C—I = 51 kcal/mol). 
12. The solvent ether used in the preparation of Grignard reagents must be 
scrupulously dry and free from alcohol. Give reasons. 


Solution Compounds containing active hydrogen such as H,O or C.H;OH react extremely 
rapidly with Grignard reagent producing hydrocarbon. So, the Grignard reagent will not 
be obtained as such. For this reason, ether used as solvent in the preparation of Grignard 
reagent must be scrupulously dry and alcohol-free. 


HOLE 4 ¥ R-Mex —> RH + Mg(OH)X 


ow NE 
CHO + R-Mex —> RH + Mg(OCoH;)X 


13. Identify the product B in the following reaction. The compound B is 
isomeric with the compound A and reacts with I,/NaOH to form iodoform 
and the sodium salt of a carboxylic acid having neutralisation equivalent 


136. 
CH,MgCl CH,CH(OH)CH 
cr 2M g' é CH,CHO * ener Cr 2 ( ) 3 +B 
- Ts 


A 


Solution The compound A is formed by a normal Grignard reaction: 


PhCH2MgCl + CHS ~H—> PhCH,—CH—cH, 22% phcou,CH(OH)CH; 
A 
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Since the compound B is found to respond iodoform test, it must contain a —CH(OH)CH, 
group and there must be a —CHs group at the ortho-position. This compound is produced 
by an abnormal Grignard reaction such as follows: 


Ae 


CH MgCl CH, OH 
SF of HCH : | 
ce CHCHs3 
ao: <e —_ 
B 
& 
CH(OH)CH; COONa COOH 
CH, wn CH ° CH 
3 L/NaOH CHI, * 3 H;O 3 
B es o-Toluic acid 
ae cee (N.E. = 136) 


14. How would you convert? 
(a) CO,—> CH, COOH [C—“c] 
(b) CO,—>CH,COOH 
(c) CO,—>CH,COOH 


(@) <O>Br—> <O~-D 


(e) CH,CH.CH.CH, = CH,CHDCH,.CH, 


(f) Br(CH,)3;Br —> ec 
(g) CH,(CH,),;CH,Br —> CH,(CH,);CH,Br 


Solution 
OH 
(a) O=C= O + CHsMgl > ts? CHs— ‘C=O 


(b) O=C=0 + 3H, "5 1,0 + CH;OH 2. > CHI Me 


CH,COOH aia CH3Mgl 


(c) It CO, is used in the final step of (b), CO, COOH will be obtained. 


D,0 
(@) <O>-Br tier <O>-MgBr —> COD. + Mg(OD)Br 
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MgCl 
| 
Cl 
(e) CH3CH,CH,CH; >> CHyCHCICH,CH; “> CHRD =) 
CH,CHDCH,CH, 
Mg(2 equiv.) 1. CH,;COOCH; OH 
() Br(CH,)sBr“S" > BrMg(CH,)sMgBr 
O 
(g) CH;(CH,)3;CH Br — => CH,(CH,);CH,MgBr a CH,(CH,);CH,OH 
. 3 


CH3(CH,);CH»Br ail 


15. Predict the product and suggest a mechanism for each of the following 


reactions: 
1. Mg/ether SN 1. CH;MgI 
(a) CIC) >—-Br uEeee (b) CH,—CH——CH, ae 
3. aq. NH,Cl 
(c) Cr a (d) MesC—CMe, —S 
Br ether 2 \ 7 €2 Teen” 
1. Mg/ether CBr 


(e) Br(CH,),COCH3>-., naa? 


Solution 
(a) Since C—Br bond is weaker than the C—Cl bond, p-chlorobromobenzene reacts 
with magnesium in dry ether to yield p-chlorophenylmagnesium bromide. This 
reacts with acetone to form a tertiary alcohol. 
O 
ig OMgBr 


ON 
M /S* ~CH; / “CH; | 
cIXO>-Br ME» CIO) x6 MgBr — 5 IX O>-C(CH)p 


ii 


(b) The epoxide undergoes nucleophilic attack (Sy2) at the less hindered methylene 
cS) 
carbon by CH, from CH3MglI to yield a secondary alcohol. 
&) OMgl 
L \ be NS 7.) Ot _ other | H,0° 
CH;—CH——CH, + CH;-+MgI ——> CH;CHCH,CH; —~—> CH;CHCH,CH; 
\ 2-Butanol 


Less hindered and 
favourable site for Sy2 attack 


Organometallic Compounds 2.45 
e 


(c) o-Fluorobromobenzene reacts with magnesium to form o-fluorophenylmagnesium 


(d) 


(e) 


16. 


bromide which readily eliminates a molecule of MgFBr to produce the unstable 
intermediate benzyne. Benzyne then dimerizes to given biphenylene. 


OG, te (OR, a O 
Br ether MgBr 


Benzyne 
Now, Gl ee iC dimerisation , ia l J 
Biphenylene 


The cyclopropane derivative reacts with magnesium to form a Grignard reagent 
which readily eliminates a molecule of MgBr, to form 2,4-dimethylpenta-2,3-diene. 


H — H H H 
(C 3)aC C(C 3)o Mg (C3 yO F—C(C 3)9 _MgBry 


ether —> (CH3)gC=C=C(CHs3)o 


aoe Ss Bre SMgBr 2,4-Dimethylpenta 
2, 3-diene 


The bromoketone reacts with magnesium to form a Grignard reagent which readily 
reacts with the >C==O0 group to yield 1-methylcyclopentanol. 


&- 
if if 
CH,—CH,—C—CH; y,  |CH,—CH,“C—CH, OMgBr 
——> || é- 5+ — x 
CH,—CH,—Br ether’ |CH,—CH,“MgBr | CH; 


.NH,Cl 
oe __| | 


CHs 
1-Methylcyclopentanol 


How would you carry out the following transformations? 


OH 
—> 
(b) CH,COCH,CH,CH,Br —> CH,COCH,CH,CH(OH)CH, 
OH 


| 
(ec) OHCCH,—< (©) >-CHO —> HOCCH,—< © )>-CHCH; 


(d) HO—< Cribs > HO <<, CH,CH,CH,OH 


Fai eae wes tectpi epi nai priad tee eset ee Organ Chemin Moun Apnrnen 
Solution 
(a) Since a Grignard reagent reacts with both the keto and ester functional groups, 
the former group is to be protected by acetal formation. The carbonyl protected 
ester is then allowed to react with two molar equivalents of CH,Mgl to give, after 
acidification, the desired tertiary alcohol. The acetal undergoes ready hydrolysis in 
the presence of dilute acid. 


O O O O O OMg!I 
> U OH ( ( | 
a “SOEt 08 5, XY Nogt 2CHsMsly XY “SO(CHs)5 
H*(PTS) O O 
OH H,0° 


| 
ere 


(b) The carbonyl group of the compound is to be protected because if the bromoketone 
is allowed to react with magnesium, the resulting Grignard reagent reacts 
intramolecularly with the C=O group to give a cyclic product. Therefore, this 
transformation may be carried out as follows: 


HOCH,CH,OH O M 
gl, 2B g§ a 
CH,—C—(CH,)s3Br.-H®PTS) > = CO me” OO 
CHi ~CH,CH,CH,Br CHS ~CH,CH,CH,MgBr 

O 

| a 

C 1. CH,CHO 

CHS ~CH,CH,CH,CHCH,; <,— <8 
- Hg 


(c) There are two —CHO groups in the compound. But their reactivities are different. 
The —CHO group directly attached to the ring is relatively less reactive due to 
resonance. Taking this advantage of differential reactivity, the more reactive 
—CHO group which is not directly attached to the ring can be protected by acetal 
formation. The transformation may be carried out as follows: 


0 
HOCH,CH,OH d 1. CH;Mel 
OHCH,C~C) >-CHO ae ee Ansa | 
OH 


| 
OHCCH,;< © >-CHCH; 


(d) The —OH group is to be protected before preparation of the Grignard reagent from 
the starting bromide and this is because the resulting Grignard will readily react 
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with the active hydrogen and will be decomposed. Thus, this transformation is to 
be carried out as follows: 


O Mg 
HO-< cH Br 
: =O oe S oie: =] 
ZX 
‘l 
H,CH,OH#——3—_ 
HO~<_ >—-CH,CH,CH20 2. H,0° Cho cates 


The tetrahydropyranyl ether moiety also undergoes hydrolysis in the presence of 
dilute acid. The alcohol hydroxyl group can also be protected by converting it to a 
tert-butyldimethylsilyl (TBS) ether. After conducting the Grignard reaction, the 
original alcohol group can be liberated by cleavage of the silyl ether with fluoride 


ion. 
HO~<>-CH,Br ee Me Si O <> CH,Br 
Imidazole/DMF 
(base) 
[peste 
Me3C io Me;C 
Me Si-O (CH,),;0H <= ae Si O © CH,MgBr 
3 


@oO 
Bu, NF 
“a> HO >-(CH;),0H 


17. Using CH,CH,C=CH and BrCH,CH,CHO devise a_ synthesis of 
CH,;CH,C=CCH,CH,CHO (use other reagents you need). 


Solution CH,;CH,C=CH —[2™#" , CH,t + CH,CH,C=CMgl 
BrCH,CH,CHO ache BrCH,CH,CH(OEt), (—CHO group is protected) 
Sw2 


Then, CH,CH,C=CMgl+BrCH,CH,CH(OEt), —S2_ CH,CH,C=CCH,CH,CH(Et), 
HyO* (deprotection). CH,CH,C=CCH,CH,CHO 


Et ~ 1. RMgX 
18. Me CHO oo? * + Y 


Predict whether X or Y predominates. Give your reasoning. 


Fete etek eh seis ctpl dare ace aang eee seg eesnateeenee Oogane Ghemisn a Mourn ApBrae .. 
Solution Since the group attached to the —CHO group in the aldehyde is chiral, the 
environments of addition from the two faces of the C=O group are no longer equivalent 
and attacks from above and below are not therefore sterically equally likely. As a result, 
the products will not also be formed in equal amounts. In such a case Cram’s rule predicts 
the predominant addition product. The rule which considers only steric effect, states that 
a carbonyl compound will react in that conformation in which the O atom of the C=O 
group orients itself anti to the largest of the three substituents on the o—C atom and the 
nucleophite will attack the carbonyl carbon atom preferentially from the side of the small 
group (S), i.e., from the least hindered side (involving a low energy T.S.) to give the major 


product. 
Preferred 
attack 
G Me H Me H 
(M)Me H(S) ie XMgO R R OMgxX 
R2MeX a 
Het Het 


HEt(L) 
A chiral (major) (minor) 
aldehyde 
H,0° po 
Vv 
Me H Me H 
Ny . “er 
X (major) Y (minor) 
| Diastereoisomers | 


19. Predict the stereochemical outcome of the following reaction and give 
your reasoning: 


-CH3MgI 
CH,CH,COCH,CH,CH, —-Gs"#"_, 


Solution The Grignard reagent adds from both sides of the trigonal planar carbonyl 
group with equal facility to give two alkoxides, each containing a new stereogenic centre. 
Protonation with water yields a mixture of equal amounts of two enantiomers, 1.e., a 
racemic mixture. 
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H3CH,CH, ng e nN (attack by Grignard 
C=O on the two enantiotopic 
CH,CH 4 ‘\p)| faces of 3-hexanone) 


2 
b= 6+ 
CH;—Mel 
+ 
i ce 
(a) iit C mit C (50%) 


CH3CH,CH,”"" XK ..08 H,0 | CH.CH.CH.""" 
(top-face 3 2 2 WA O:Mgl ae 3 2 9 e 


addition) CH,CH, CH3CHp 
| 
a er 


(b) CHLCH.CH .0® 0. CCGA mixture 
(bottom-face 3 2 2 my, a O:Mgl ne? 3 2 2 ny Pas OH 
addition) CH;CH,—© - CH,CH, = (50%) 


CH; CH, 


20. Suggest a mechanism for each of the following reactions: 


O OH 
O 1. PhMgBr (excess) | 
(a) 3. NH,CLH,O > Ph2C(CH2)40H 
O 
G Ft 1. CHsMgl (excess) 


(b) Et. OQ” «2. NH, Cl, H,0 > (CH3)3C—OH 


1. ether Ph 
(ec) BrMgCH,CH,CH,CH,MgBr + PhCO,Me —*mer > | Xon 


(d) CH,=C=O + EtMgBr ae C,H;COCH, 


O 


a. 
(e) CH,—CH-—CH=CH, + C,H;MgBr re? HOCH,CH=CHCH,CH,CH, 


Solution 


cO Ph (O:MgBr CY 


(a) <O Pe MeBr CO 2 C a 
> —> Ph (CH,),O0MgBr a 


OH OMgBr 
Ph,C(CH,),OH Cee Ph—C—(CH),OMgBr 


Ph 
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O BR) 
si ca er HaC\ 50° Mal 2 
(ib): mo" Ont 7 Hho” SORE. — 7 H.c~ —— + Mg(OEt)I 
[oust 
8) 
CH, Mel ( _Mgonit H3C. . £O°Mel 
(CHg)sC—OMgl <—*—*— H,C~ ” “CHg <=. ° Soc ™ 

H3C OEt 

[samc 

(CH;);COH 


Ph. £0! MgBr 


(ce) BrMgCH,CH,CH,CH,-4MgBr + Ph~ ~ OMe “"* > CH,—CH,~ (OMe 
| 
CH,—CH,—MgBr 


—Mg(OMe)Br 
6) 
CH,—CH IP Ph 
a he Hy CH eg 
OH * Ho Cc CH,—CH,“MeBr 


CH,—CH,” ‘OMgBr 


LET St : a eee r 
(d) CH,=C—0 Sher CH= 0 OMgBr “SS CHy=C Or G5. o-Car 


CoH; C.Hs 


O 
PN oN 
(e) H,C—CH*CH=CH, + C,H5—-MgBr —> BrMgOCH,CH=CH—CH,CH,CH; 
H,0° 
HOCH,CH=CH—CH,CH,CH, 


O 
21. Ethylene oxide ( ZS) and trimethylene oxide (—9) react readily with 
a Grignard reagent. However, a Grignard reagent does not react with 
THF for which it is used as a solvent in Grignard Synthesis. Explain these 
observations. 


Solution The three- and four-membered rings are very strained, and thus, they open on 


reaction with a Grignard reagent (RMgX). THF or tetrahydrofuran (C) possesses an 


Se a micqatesointacia iawn nats an tena eileen ees oe 
essentially unstrained ring, and hence, it is far more resistant to attack by a Grignard 
reagent. 
22. Analyse the following structures and then determine all the practical 
combination of Grignard reagent and carbonyl compound that will give 
rise to each: 


CH,CH; 

(a) (CH,)3CCH,OH (b) cae. 
OH bf 

(c) >t <O)-0c, (d) CH,CH,CH(OH)CH,CH,CH(CH;), 


Solution 
(a) (CH3)3g CMgCl + HCHO (only one combination) 
(bo) Three combinations: 
(i) CH,CH,CH,COCH,CH,CH,CH, + CH,CH,MgBr 
(ii) CH,CH,COCH,CH,CH,CH, + CH,CH,CH,MgBr 
(iii) CH;CH,CH,COCH,CH; + CH,;CH,CH,CH,MgBr 
(c) Two combinations: 


@) <>—CHO + CH,O—O>—MgBr 
Gi) CH,O—C)—CHO + < >—MgBr 


(d) Two combinations: 
(i) CH,;CH,CHO + (CH;),CHCH,CH,MgBr 
(ii) (CH3),CHCH,CH,CHO + CH,CH,MgBr 
23. How would you carry out the following transformations? 


© Oe sO, 


(b) Me,CCl—> Me, C—CN 
(ce) PhBr—> PhCH,CHO 
(d) HC=CH —> HO,C—C=C—CO,H 


OH 
Br 
ee a te ae 
il CO) en 
OH 


OH 


Oi ser 
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(h) (CH,);Br, —> (CH,)5(NH9)o 


6) O 

i) HCO, Et > 7. IR 
O 

@) a — [coon 


Solution 
(a) ee —e, 
Br MgBr D 
(b) MesCCl io Me,CMgCl cues (CH3)3C—CN + MgCl, 
ran 
(c) PhBr—2—> PhMgBr —-—> PhCH,CH,OH ———> PhCH,CHO 
ether 2. H,0°® CH,Cl, 
= CH,Mgl (2 equiv.) — 1. CO, (2 equiv.) 
(d) HC=CH —9GH, > BrMg C=C MgBr 3. H,0® 


HO,C—C =C—CO.H <— 
Me Me 


Br Me,SiMe,Cl | Br Mg | MgBr 
(e) HO ees imidazole ~ Me3;C — ima ether’ Mez;,C —SiO os 
| 


(protection of 


the —OH group) Me ie 
1. Me,CHCHO 
it 2. H,0° 
OH es i CH_CHMe, 
Gs ae —— 
aes (—FSiMe,CMe,) Me3C ie 
Me 
O 
I 
= Ph7 ~ ~OOH 1. PhMgBr 
nn =—" > Ph 
ONY 2, H,0° a 
OH 
MgBr NH 
2Mg — 1. MeONH, (2 equiv.) = 2 
(g) (CH,);Bro ——— > (CH 2 
8) (CHy)sBrp Et,0 ( 25 MgBr  2-H;0° > (CHy)5_ 
OH 


MgBr | e,cCHCHO 


OH Br 
PBr. Mg 
(h) ae : 2 ci ether 2 2. H,0® 
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i» O+ 
(j) C,H;MgBr 1. CO, 
3. ag. Mabe 59? COOH 


24. The dibromide A reacts with magnesium in dry ether to form a stable 
Grignard reagent, while the dibromide B does not. Explain. 


ay rly : 
Br Br 
A Br B 


Solution A 1,2-dibromide reacts with Mg to form an alkene plus MgBry. The Grignard 
reagent corresponding to the dibromide A does not undergo elimination of MgBr, to give 
an alkene because the alkene containing a double bond at the bridgehead position is too 
unstable to exist according to the Bredt’s rule. A stable Grignard reagent is, therefore, 
obtained from A. 


Mg, va 
either + MgBro 


= Br uaa By An unstable 


A A stable Grignard alkene 
(not formed) 


The Grignard reagent corresponding to the dibromide B, on the other hand, readily 
eliminates a molecule of MgBr, to form a stable alkene (the double bond is not at the 
bridgehead position). A Grignard reagent is, therefore, not obtained from B. 
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Br 


B A stable alkene 
An unstable Grignard 


25. Identify the epoxides which react with CH;CH,MgBr to give the following 
alcohols after acidification: 


OH 
| 
(a) CH____CHs (b) CH,CH,CH,CH,OH 
Me 
CH,CH, vi 
(c) 1o¢ (d) CH,;CH,C(OH)CH,CH,CH; 
H,C * “OH 
Solution 
MgO 
O rMlg 0® 
hee ys: CH—CH,CH,CHj—— 
'N’ 
(a) Me wos 


On 
Me— () )—CHCH,CH,CH, 


O ——_ B 6 
(by LYASE Mehr CH,CH,CH,CH,OMgBr — 


OMgBrH 
“1 CH,CH, 
CH, OH 
OMgBr OH 


| | 

ee: ee = ag? CHsCHC—CH,CH "> a CH,CH,C—CH,CHs 
3 

CH,CH, CH, CH; 
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26. Offer a suitable mechanism for each step of the following transformation: 
O 2. “cnoe “EtOH” 


Solution The mechanism of this transformation may be a as follows: 


O a O { OH 


eNaOkt_ —_H® 


LS O—H 
HC o CO CH, 
Hy 
I 8. OEt 
9 
EtOH :OEt 
A O ag EtcB C Tels 
:0'° HOHH OH ° 
Co. 
O 
II 


lis formed by a Grignard reaction followed by acid-catalysed ring opening and II is formed 
by an internal aldol. 


27. Predict the products expected to be formed when butyllithium 
(CH,CH,CH,CH,Li) is allowed to react with each of the following reagents: 
(a) CH,CH,C=CH, then 2-butanone and then aqueous NH,Cl 


(b) < 0, then aqueous NH,Cl 
COCH, 


(c) IS , then aqueous NH,Cl 
HO 


O 
(d) aN then H,O 
e 


Cl Br 


(e) Cr , then CO, and then H,0°® 
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Solution 
O 
SY cm, 
Li CH. 
(a) CH,CH,C=C\H SH (CHanCHAL >cu,cxc=o4: - : 
(—C,H,y) 3,2 
OH OLi 


| | 
CH,CH,C = CCH,C(CH,), <“*™""_ CH,CH,C = CCH,C(CH,), 


CH,CH,CH,CHs 
(b) < 9 + CH,;CH,CH,CH,—Li —> aq. NH,Cl 


OLi 
CH,CH,CH,CH, 
Se oe 
ti) OLi 
| 
aN C_CH,CH,CH,CH 
(c) + CH;CH,CH,CH,~~-Li 2 CHs 
eg Lid 
‘\~CH,CH,CH,CH>-Li 
| NH,Cl 


C—CH,CH,CH,CH, 


LS CH, 
HO 


OLi 
(d) no /Y-< onom,cH,cH —— piercer eno. 
a |n0 
OH 
CH,(CH,),C(CH,), 
O 


(e) aa b+ J | 
Oe Bu—Li Oy fii obese : H,0® 
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28. Draw all stereoisomers formed in each of the following reactions: 


O 
(a) ae 1. PhMgBr 


1. CH3Li 
2, aq. NH,Cl (b) (CHs),CH—X__ =O 2. H,0 
O 
1. CH,CH,CH,MgBr 1. EtMgBr 
(c) —- 2. aq. NH,Cl . (d) Howf—N Hoare 
a, H,C CH; 
3 
Solution 
Ph Ph ) 
(a) ot aq. NH,Cl “at 
ea C3H, 7 OMgBr ——— _? HC OH 
(a) addition 
6 & CH. CH 
(a) CH3CH2CHp...,, fp Mepr 3 Tiaanioiera 3 
— a 
CHC (b) H,C3 , H,C3 , 
(b) _% ~ OMgBr aq. NH,Cl _% 2 OH 
bottom-face HC C -_—-«. 2 H3C y 
addition Ph Ph 
a 
Me,CH CHs Me,CH CHz -— 
(a) H,O o 
“ 2 KIS 
(b) 2 Cy otis ed H OLi H OH 8 
is) 
(b) Me,CH OLi Me,CH OH a 
es (b) H,O FO 5 
i—> = 5 
@ 
H CHs H CHs % 
CH,CH,CH3 CH,CH,CH3 
(a) a C5) aq. NH,Cl a, 
(c) Zo, onor6 ee H OMgBr a H OH 
IW; - Diastereoisomers | 
H (b) OMgBr OH 
i——_> 


aq. NH,Cl 5) 
a as 
CH,CH,CH, a CH,CH.CHs, 
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29. Why are organolithium compounds especially useful and often advantages 
over the organomagnesium compounds? 


Solution Organolithium compounds are especially useful because they are more reactive 
reagents (C—Li bond is more polar than C—Mg bond) and can give normal addition 
products with sterically hindered ketones. The complicating side reactions like enolisation 
and reduction are also less important with organolithium compounds. For example, 
isopropyllithium adds to diisopropyl ketone (a hindered ketone) to give tri-isopropylcarbinol 
in good yield, whereas isopropylmagnesium bromide fails completely to give the normal 
addition product, i.e., the tertiary alcohol. 


O . 
I MeCHLi_, (Me,CH),COLi °°, — (Me,CH),;COH 
Me,CH™ ~CHMe, Tri-isopropylcarbinol Tri-isopropylcarbinol 
Me,CHMgBr id 
Diisopropyl ketone No addition product 


Unlike Grignard reagents two equivalent organolithium compounds reacts with CO, to 
give a ketone. Due to greater nucleophilicity of R—Li, compared to R—MgxX, the former 
attack the carbonyl carbon of the intermediate carboxylate ion in which the carbonyl 
carbon possesses less positive character. 


aN ‘. a ~~ on OH ° 
he acy —H,0 

<6 = cee |= SR-c 61 2 >R-c_on —"4 R-C-R 
nee R OLi | 


R R 
J s O OMgxX 
020294 ! Ses R_C_OMex H 
UG R~  ~OMgx ioe R~ ~OH 
R 
(not obtained) 


30. Draw the product expected to be obtained in each of the following 
reactions: 
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1. Ph—Li 1. (CH,=CH),CuLi 
(a) Cy eae (b) 2 pCuLi 
2. HO 2. H,O 


Solution 
(a) Organolithium compounds react with a,B-unsaturated carbonyl compounds to give 
1,2-addition products. Therefore, phenyl lithium reacts with 2-cyclohexanone as 


follows: 
O ®0 
Baan 5 LiO Ph HO Ph 
: D Phi CT HO Ss 
oe ee 


(b) Organocuprate reagents undergo 1,4-addition. The cuprate reagent adds a new 
vinyl group (CH,=CH—) at the f-position of the o,f-unsaturated ketone. 


O 3 OLi 
a 
y + CH,—CH—Ct—CH=CH, —> Q + Cu—CH=CH, 


-® 
= CH=CH, 
| H,O 
OH 
Phat + LiOH 
CH=CH, CH=CH, 


31. Suggest a reasonable mechanism for the following reaction: 


NMeg MegN OH 
=. 
2. PhCHO 
3. H,0® 


Solution The mechanism of the reaction involving ortho-lithiation followed by C—C bond 
formation takes place as follows: 


” fe) Pe ra 
NMe, NMe, I = Mew SO 
: aan pica | 
4 —> BuH + = > or 
U 
Me,N OH 


| H,0° 
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32. Give the products of the reaction of Me,CuLi (after hydrolysis) with the 
following compounds: 


(a) N=C(CH,),COCI (b) CH,CH,CH,CO—<O>—cocl 
(c) EtO,C(CH,),COCI 
Solution 
(a) N=C(CH,)COMe (b) CH,CH,CH,CO— C))—COMe 


(c) EtO,C(CH,);COMe 


33. Suggest two combinations of alcyl halide and cuprate reagent for the 
preparation of the following ketone: 


O 
| 


~CH,CH,CH3 (2-Pentanone) 


Solution The two alkyl groups of the ketone are different. Therefore, one of them may 
come from the organocuprate and the other may come from the acid chloride. Hence, the 
two combinations are as follows: 


O 
I 
(i) CH,CH,CH,~ ~™Cl +(CH,),CuLi ——> 


O 
I 
Gi) CH3~ ~Cl +(CH3;CH,CH,), CuLi ——> 
34. Suggest two possible methods for the Corey—Posner, Whitesids-House 


synthesis of 2-methylpropane and indicate which one is much better. 
Give your reasoning. 


Solution 
The two possible methods for the synthesis of 2-methylpropane are as follows: 


Method 1: CH;I 4-> CH3Li “> (CHs),CuLi S2#*" 5 (CH;),CHCH; 


(2 equiv.) —CuCH; 
Method 2: (CH,),CHBr 44> (CH,)CHLi—! > [(CH,),CH],CuLi ——“*— > [(CH,),CHCH, 
(2 equiv.) ~(CH3),CHCu 


The final step of this synthetic process is an S,2 reaction which is much susceptible to 
steric hindrance. Since CHI is a much better Sy2 substrate than (CH3), CHBr from steric 
point of view, the method 2 is much better than the method 1. 
35. Predict the product of the following reaction and mention its configuration 
(R or S): 
H 
Ph,CuLi + wC—Br ——> 
H3C~ 
CH; 
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Solution The reaction of lithium diphenylcuprate with this optically active bromide yields 
2-phenylbutane with high net inversion of configuration (Sy2). Therefore, the product is 
(R)-2-phenylbutane. 


H H 
Ss a 
ph—€ulPh + 3 Br => Ph—Cm, + PhCu + LiBr 
Li H.C / \ ‘CHg 
CoH; CoH; 


(S)-2-Bromobutane (R)-2-Phenylbutane 


36. What alcohols would be produced from the reaction of ethylene oxide 
with the following organocuprates followed by addition of dilute acid? 


(a) (Op euti (b) (cH OCH, | cul i 
(c) (CH,CH,CH,),CuLi 


Solution 


(a) (_ >—CH,CH,OH (b) H,C—<OQ)—CH,CH,CH,OH 
(c) CH,(CH,),OH 


37. Give the reaction of (CH,—CH),CuLi with an alkyl bromide to produce 
each of the following compounds: 


O 


Solution 


O O 
(a) (CH)=CH),Culi + Br =— att 
Br 
oC Ty + CH,=CH,Culi>C Ty ~ 
B 
© SCJ "+ CHy=cH,CuLi—> CJ 


trans trans 
(a) a a + (CHy=CH),CuLi > 0 J 
r 


cls 


cls 
Br = . AZ 
(e) ag. 4 (CHj)=CH).Cali S$ aes 


38. Give a curved-arrow mechanism for the following reaction: 
O O 


1.2 Me,CuLi 
ee 
on 2. H,0 Cit 


OCOCH; Me 
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Solution 


AHP 7 -® 
‘O° Li 
O c6 O 
A © Q.. 
+ Me+Cu—Me —> Che. = + CH;COOLi 
OCOCH; Li? O+C—CH; ‘Me 
Me Ih 
8 


@ 
Me—Cu—MeLi 
OLi 


O 
oT tautom. Se one Me + CuMe<— 
Me 


Me 
39. Provide retrosynthetic analysis and synthesis for each of the 
following cyclopropane derivatives using the Simmons-Smith reagent 
(iodomethylzinc iodide): 


CoH; 


Et Et 
@) <L) (b) CY (c) w\ Au 


Solution 
(a) Retrosynthetic analysis In cyclopropane synthesis using the Simmons—Smith 
reagent, a CH, unit is transferred to a double bond. Therefore, retrosynthetically 
we have to disconnect the bonds to a CH, group of a three-membered ring to identify 
the starting alkene. 


iD — e+ O 


ICH,ZnI 


- CHgI,/Zn(Cu) <A 
eee 
Et,O 


Bicyclo[3.1.0] hexane 


Synthesis 


(b) Retrosynthetic analysis 
CoH; CoH; 


Ce = on [CH,] = ICH,ZnI 


CH; CoH 


CO CH,I,/Zn(Cu) CY 
Ea 
Et,0 


Synthesis 
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(c) 


Retrosynthetic analysis 
Et Et 
Wu 


Synthesis 
Et ny 
H H 


cis 


- ca 
H H ° 


CH,I,/Zn(Cu) 
Et,0 


cis 
40. Account for the formation of the products (differs in isotopic label) in the 
following reaction: 


* OH OH 
Br _1.Me/THF 
a a 2. PhCHO ae : Ph 
(* = 8¢) 3. H,0® 


Solution The reaction may be mechanically interpreted as follows: 


ee i 


* 


Me/THF 


> 


a—~ MeBr + BrMg~_—~, 


A 


B 


The allylic Grignard reagent B can be obtained by attack of the metal at the other end of 
the allylic system, or after formation by equilibrium with the allyl anion. 


oN 
(>) ® 
Melson Br —> Br+Me— > BrMe—_—, 


aN Br Mg/THF , AN MeBr == ~~ MgBr == BrMg~_~_ 
The two allylic Grignard reagents would have equal energies and would be formed in 
equal amounts. These two then react with benzaldehyde following a cyclic mechanism to 


give the products. 


Br ; Br | 
Sa “ ME. _y ‘mel H,0° OH | 
Ph ae _ ; we ne 
TS. 
a Br t 
RK & = ge Mes = OMgBr | H,0® OH | 
Ph z aes ee / oe oe 
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Po CM STUDY PROBLEMS DO 


1. 
2. 


3. 


Explain why Grignard reagents in ethereal solution exists as dietherate. 
Arrange the following carbon—metal bonds in order of increasing polarity: 
C—Cu, C—Mg, C—Zn, C—Li, C—Pb, C—Cd 
How would you distinguish primary, secondary and tertiary amines with the help 


of Zerewitinoff procedure? 
6+ 6- 
The R group in an alkyl] halide bears a partial positive charge (R -— X , X = Cl, Br, 


I). Convert it into a compound in which the same R group carries partial negative 
charge (a case of umpolung). 

How can an alkyl halide be converted (reduced) to a hydrocarbon without using the 
usual reducing agents? 

[Hint: R—X + Mg —“®**_, RMgx —#20" , RH 

Write structures of the isomeric alkylmagnesium bromides which on hydrolysis 
produce 2-methylbutane. 


Complete the following reaction sequence and comment (C = 4c): 


. > 
Reber + C05 — 9 es PO 2 Bea ig BO gy 
2 ; *”SCHoNg. ‘ § 


Provide retrosynthetic analysis and synthesis for each of the following alcohols, 
starting with appropriate alkyl or aryl halides: 


OH OH 
| | 
(a) Orn (b) CH;—(())— CH—CH, 
CHg (two ways) 
(three ways) OH 
() < )—CH,CH,OH (4d) CO-¢—OiH 
(two ways) C,H; 
(three ways) 
a oH 
(ec) H,C—OQ)—C—CH,CH,CH, () Ph) CGH; 
CH.CH.CH; (three ways) 


(three ways) 


What products would you expect from the reaction of ethylmagnesium bromide 
with each of the following compounds? 

(a) CH,C=CH, then CH,CHO, then H,0° 

(b) PhCO.Me, then aqueous NH,Cl 
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(d) D,O 
(e) H,O 
(f) HC=CH, then CO, (2 equiv.), then H,0° 
(g) SOs, then H,0°® 
O 


(h) / \ _, then H,0° 


10. Provide a reasonable mechanism for each of the following reactions: 


| ity 
tai ‘or 1.H3C ~<O>-MeBr (2 equiv.) oy Ooms 
. 2. NH,CV/H,0 - 
O 
a 
(b) ee BEG > (CHs),—C—(CH,),0H 
. . 4 
OH 
c=cH +EMe 5 <O>-C=C—CHCH,CH 
» <O =CH 2. CH,CH,CHO” — anen3 
3. H,0® 
1. CH3MgBr (1 eauty) 
2. H,0° 
CH(OH)CH, 
sie aden Saypocon 
(e) 3 1. MeMgBr (excess) 3 + MeOH + Me;COH 
Tae 2. H,0 ne Grin 


11. Give the structures of A—D in the following reaction sequence: 


1. PhMgBr He 1.0 
EtMeCHCOPh — rg? A — > B—2mo > C+D 


12. Which one of the following two methods is appropriate for the synthesis of 
2,2-dimethylpropanoic acid (Me,CCOOH) and why? 


(a) (CH,;);CCl 42> (CH; )gCMgCl — ST > (CH ),CCOOH 


(b) (CH,),CC1 £°_. (CH,),C—CN —20°4_, (CH,),C—COOH 


13. How would you prepare Me,C—NH, by using a Grignard reaction? 

14. When PhCH.Br is allowed to react with metallic magnesium in dry ether medium, 
a hydrocarbon A(C,,H,,) is obtained along with PhCH,MgBr. Identify A and 
explain its formation. 
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15. Explain the following observations: 


(a) 
(b) 
(c) 
(d) 


(e) 


(h) 


16. (a) 


(b) 


Grignard reagent may act as a reducing agent. 

Alkyl fluorides do not react with magnesium to form Grignard reagents. 
Ethylene oxide undergoes cleavage by RMgX, but Et.O or THF does not. 
Acetone reacts with EtMgBr to form an achiral 3° alcohol, whereas 2-pentanone 
reacts with EMgBr to form a chiral 3° alcohol. 

A Grignard reagent cannot be prepared from a compound containing an —OH 
group. 

A keto group of a haloketone must be protected before preparing a Grignard 
reagent using it. 

Grignard reagents act as strong bases. 

[Hint: Since alkanes (R—H) are very weak acids (pKa = 55-60), their 


ce) 
conjugate bases, i.e., the carbanions (R:) are very soon bases. For this 
é- 
reason, Grignard reagents that can provide R: (R— MeX) are strong bases.] 
Neither : the following two methods of making pentan-1,4-diol will work: 


é 1. A MeMEBr 1. Mg/Et,0 
3. HO 


Predict the products of the following reaction and comment on their optical 
activity: 


CH, 


CHs 
ocr Oe ase 


In the preparation of sieaccuats bromide (HC=CMgBr) by the 
transmetallation reaction involving acetylene (HC=CH) and ethylmagnesium 
bromide (CH;CH,MgBr), ethylmagnesium bromide is added to a large excess 
of acetylene in THF solution. The two side reactions that can take place are 
as follows: 

(i) HC=CMgBr + CH;CH,MgBr > CH,CH; + BrMgC=CMgBr 

Gi) 2HC=CMgBr —— H—C=C—H + BrMgC=CMgBr 
Suggest a mechanism for each of the above two reactions and explain why an 
excess of acetylene is important for avoiding these reactions. Tetrahydrofuran 
(THF) is used as a solvent in this reaction because the undesired by-product 
BrMgC=CMgBr is relatively soluble in it. Explain why it is important for 
this by-product to be soluble in the solvent to suppress these side reactions. 
[Hint: (a) Formation of an aryne followed by a Diels—Alder reaction with 
anthracene derivative. ] 


17. What ester and Grignard reagent are required to synthesize each of the following 
alcohols? 
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18. 


19. 


20. 


(a) 


(c) 
(a) 


(b) 


OH OH 
| 
CH,CH, ¢ —CH,CH,CH(CH,), —_(b) < >c <x » 
CH,CH; OO 


PhCHOH (CH,CH,CH,CHs). 

Propose at least three methods to convert PhCH,CH,Br to PhCH,CH3. 
(Hint: (i) PhCH,CH,Br Se PhCH,CH;; (ii) PhCH,CH,Br 
aoe PhCH,CH,; (ii) PhCH,CH,Br —%K0H_, PhCH=CH, 
h/t _, PhCH,CHs] 

Synthesize 1-methylcyclohexene from cyclohexanone and methanol using a 
Grignard reaction in one of the steps. 


Identify the compounds I-X] in the following reaction sequence and indicate which 
of them are isomeric: 


1. O3 
————> Il 
O 2. Me,S 
1. PhMgBr H,SO, HCl 1. Mg/ether 
> > >IV > 
o 2. aq. NH,Cl I II 2. HCHO VI 
3. H,0® 
m-CPBA 1. Me,CuLi 
1. LiAIH, >V 2H 7 > VII 
2. H,0® “ae 
PBr3 Mg 1. PhCHO 
Vil > Ix ether >X 2. aq. NH,Cl > XI 


OH Ph 
Hint: I > C fn - => or - III => PhCO(CH,),CHO ; 

Cl Ph CH,OH Ph 
IV => frn :v=> C £0 ;VI=> C fPn ; vi=>( Sow: 

Me 

HO, ~H Br, /H BrMg, /~H 
CH(OH)Ph 
VIII => -K=> -x=> sol y 


Complete the following equations and comment where necessary: 


(a) 


(b) 


(c) 


(d) 


PhMgBr + (EtO),CO —+22°_,? 
(3 equiv.) 2.30 


Me,C=C=O + EtMgBr 22° 
2.H30 


n-PrMgBr + MeC(OMe), —"2° 5? 
3 


C,H,,MgBr + BrCH,CBr=CH, —2° >? 


21. 


22. 


23. 


24, 


25. 


26. 


27. 


Organic Chemistry: A Modern Approach 


2) 


1. Me,.CHMgBr 
(ec) Me,cCH~ “\CHMe, x 08 = 
[Hint: (d) Only the allylic bromine is sufficiently reactive to undergo displacement] 
When Br(CH,),OD is treated with magnesium in dry ether and the resultant 
compound is hydrolysed, 1-butanol (CH,;CH,CH,CH,OH) is obtained. Explain this 
observation. 
How would you carry out the following transformations? 


(a) on! Oe (by oe. % Ogee 


(c) Me,CHCH,OH —> Me,CHCH,CH,CH(OH)CH, 
(d) CH,;CH,CH,C=CH —> CH,CH,CH, C=C CH,CH,OH 
(e) “~~ >OH—> ~~ OH ( PhCl— PhCOOH 


Which of the following alkyl halides could be used successfully to prepare a 
Grignard reagent? 


(a) MeO—\~~~ Br (yy HO ~~~ Br (¢) Br-~CO.H 

(a) MesNX~_-Br_(e), Br ~~~ NH Me 

A dibromide loses one bromine atom when treated with aqueous sodium hydroxide. 
When the dibromide is allowed to react with metallic magnesium in dry ether and 
the resulting compound is treated with dilute acid, toluene (Ph—CHS) is obtained. 
Predict the possible structures of the dibromide and give your reasoning. 

[Hint: The dibromide may be o-BrC,H,CH,Br, m-BrC,H,CH,Br or 
p-BrC,H,CH.Br.] 

Dimerisation is a side reaction that takes place during the preparation of a Grignard 
reagent. Suggest a mechanism that accounts for the formation of the dimer in the 
following reaction. 


[Bre [Men + LX) 


(adimer) 
(a) What generalisation can be made as to the nature of the C—M bond and the 
electronegativity of the metal? (b) What kind of bond is expected to be formed 
between carbon and (i) an alkali metal (e.g., Na, K, etc.) and (ii) a group 2 metal? 
Give examples. (c) Give an example of a compound containing C—M bond which 
has little or no ionic character. 


6- 6+ 
[Hint: (b) (i) ionic (C,HsK®), (ii) highly polar covalent (CH;—Mgl), (c) covalent 
(Me,Hg).] 
What is the main difference between organolithium compounds and Grignard 
reagents? 
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28. 


29. 


30. 


31. 


32. 


{[Hint: The main difference between the two reagents is that lithium compounds 
add to an ethylenic bond whereas Grignard reagents do not. For example, 
BuLi + CH=CH, ——> BuCH,CH,Li.] 
Identify the compounds A—E in the following reaction sequence: 
cr) 

CH,COCH,; “2 > a —2%& _, ps0 _, ¢_ Can) 5p 2 GE 
What organocuprate reagent is needed to convert CH;CH,CH,COCI to each 
ketone? 


i 
(a) CH,CH,CH,COCH, (b) CH 3CH,CH,COCHCH,CH; 


(c) CH,CH,CH,COPh 

oH 
[Hint: (a) (CH;),CuLi (b) (CH3;CH,CH)5 CuLi (c) PhaCuLi] 
Give the products of the following reactions and explain: 


MeLi 


PhCH=CHCOPh— 


Predict reasonable structures for compounds I, II and II] in the following reactions: 


OTS LiCuMe, 
——> I1(C 4H) + (Cy9H 7g) 
AW ee, ee ST 4 (CBs) 


The compound III is relatively more stable than the compound I. 
Predict the product expected to be formed in each of the following reactions: 


O 
1. 2 EtLi/ether 1.CO, 
(a) Cp 2. aq. NH,Cl (b) 2. H,0° 
Li 
1. (CH,=CH),CuLi 1. CH;MeI/CuCl 
= = 
(c) ee ve > (d) Me,C=C(CO,Ets) 5575 
1. CH;MgBr/CuB CuLi 
© COC eee CO 
O°? Br 
Li OMe : 
(g) Gu + Cr (h) n-BuLi 
CoH; OMe Et,0 
OMe 


Gy 7 (CHg)s—COCH3 | Me,CuLi (1 mol) 
O 2. H,0 


34. 


35. 


36. 
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(a) Provide a reasonable mechanism for each of the following reactions: 
O~ ~OMe O~ ~OMe 


1. t-BuLi/Et,0 


2. H,0° 


Cl | 
. 1. Mg/Et,0 N 
(ii) ——< ad LY GI 
MeO 2“ NN—Me MeO 


(b) Pyridine reacts with PhLi to give 2-phenylpyridine and LiH in a reaction 
analogous to the reaction of pyridine with NaNH,. Suggest a mechanism for 
the reaction. 

How would you prepare the following compounds using ortholithiation procedure? 

O 


O 
NMe 
MeO O 2 
(a) Cc. (b) Me os 
OMe O r 
Explain why it is possible to make the organolithium compound A, but not the 


organolithium compound B in the following reactions: 
Br 


Li 
: BuLi 
ce i> I, IK Se OK 
Me THF Me ’ Br THF i 


A B 


[Hint: Vinyl (sp?) carbanions are more stable than saturated (sp°) carbanions 
because of the greater s character in the C—Li a bond, and for this reason, the 
first reaction occurs. On the other hand, the t-alkylcarbanion is less stable than a 
primary alkyl carbanion (e.g., BuLi). So, the second reaction does not take place.] 
Give the structure of the product expected to be formed when each of the following 
compounds is allowed to react with CH.I, in the presence of Zn(Cu): 


(a) < >=CH—CH; (b) (E)-3-methyl-2-pentene 


1 


ON #60) NO 
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The ideal synthesis of an organic compound involves conversion of the readily available 
and relatively cheap starting materials, which are the most logical precursor in a given 
sequence of reactions, into the pure target molecule (TM) by the least number of steps and 
in the highest possible yield. Synthesis is one of the major areas of organic chemistry. A 
synthesis may be a simple one-step reaction, or it may involve many steps and incorporate 
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a subtle strategy for assembling the correct carbon skeleton with all the functional groups 
in the right positions. Organic chemists use synthesis for a variety of purposes. Syntheses 
have been used as the final proof molecular structure for natural products isolated from 
plant and animal sources. In more practical terms, synthesis can provide a supply of 
important compounds used as medicines, insecticides, fertilizers, polymers, etc. Synthesis 
can also be used to prepare compounds previously unknown but predicted to be useful. 
The chemical instruments required during organic synthesis are as follows: 

1. Methods of C—C bond formation 
Methods of C—N and C—O bond formations 
Protection and deprotection of functional groups/position 
Activation and deactivation of functional groups/position 
Ring-opening and ring-closure 
Ring-expansion and ring-contraction 
Dehydrating and condensing agents 
8. Functional group removal 


SS? She el 


In solving multistep synthesis problems, we will rarely be able to ‘see’ the solution 
immediately. These problems are best tackled systematically, working backward 
and considering alternative routes. This backward approach to synthesis is known as 
retrosynthetic analysis. This important topic along with two other topics like strategy of 
ring synthesis and asymmetric synthesis have been discussed in this chapter. 


3.1 RETROSYNTHETIC ANALYSIS 


From the middle of nineteenth century, synthetic methodologies were developed by 
‘associative mental processes’, i.e., thinking of analogy. But when atomic structure is better 
understood, and the mechanism of bond-making and bond-breaking possesses become 
progressively more clear, organic syntheses become more planned. This is reflected in some 
landmark syntheses ofanumber of molecules like camphor (by Komppain 1903), a-terpineol 
(by Perkin in 1904), atropine (by Robinson in 1917), Quinine (by Woodward in 1944), 
etc. After the middle of twentieth century, synthetic organic chemistry showed a notable 
growth due to the following reasons: (i) organic reaction mechanism, stereochemistry, 
and conformation of the molecules are better understood; (ii) spectroscopic methods are 
developed for identification of organic molecules; (iii) chromatographic techniques are 
developed for purifying organic compounds, and (iv) a number of chemoselective, regio- 
selective, and stereoselective reagents and catalysts are developed. But even all of these 
developments, synthetic process remain target oriented and chemists are guided by the 
structure of the TM alone. Chemists used to select the right starting material, mostly 
by trial and error method. If one starting material is failed, then another one is tried. 
This selection of the starting material is actually the key to the success of synthesis of 
molecules having quite complex structures like strychnine, morphin, cedrol, reserpine, 
etc. Since 1970, a new idea came in the field of organic synthesis mainly due to the efforts 
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of Professor E.J. Corey of Harward University, who is honoured with the Nobel Prize 
1990 in Chemistry and this approach is known as ‘retrosynthesis’ (retro, Latin, backward). 
The sequence of transformation that would lead to the desired product(TM) is often too 
complex to predict a path from beginning to the end. In that case, since we know where 
we want to finish (the TM) but not from where to start, we envisage the sequence of 
steps that is required in a backward fashion, one step at a time. At first, we identify the 
immediate precursors that would react to give the TM. These precursors in turn become 
new intermediate TMs and we identify the next set of precursors that would react to form 
them, and so on. This process is repeated until we have worked backward to compounds 
which are so simple that they are either easily available commercially or can be easily 
synthesized in the laboratory. 


Can be synthesized Can be synthesized 
by using certain by using certain 
reagents reagents 


Target ——>> Immediate ——> Earlier ——> Next earlier ——> Starting 
molecule(TM) precursors precursors precursors materials 


[| == 


Can be synthesized Can be synthesized 
by using certain by using certain 
reagents reagents 


Once the retrosynthetic analysis is completed and the simplest starting materials are 
identified, a synthesis of the target molecule is planned in the forward direction. This 
backward approach to synthesis is called retrosynthetic analysis. Since in this approach a 
strategic bond in the molecule is broken or disconnected (by mental processes) to give the 
starting materials, it is also called synthesis by disconnection approach. If more than one 
route work well, it is necessary to try several approaches in the laboratory in order to find 
out the most efficient or successful route. 


3.1.1 A Few Terms Related to Retrosynthesis 
3.1.1.1 Target Molecule 


The molecule to be synthesized, i.e. the molecule whose synthesis is being planned is 
called the target molecule (TM). 

3.1.1.2 Retrosynthetic Arrow 

An open-ended or hollow arrow ‘=’, used to indicate the reverse of a synthetic reaction, 
1.e., to signify a backward (retro) step is called a retrosynthetic arrow. 


[It is used as a symbol for disconnection, FGI, FGA, etc., and usually the bond going to be 
cleaved, FGI, FGA, etc., are written over it.] 
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3.1.1.3 Disconnection 


Disconnection is an imaginary bond cleavage, corresponding to the reverse of a real and 
workable reaction. This cleavage of a bond leads to the formation of two ionic fragments 
of which one is positively charged and the other is negatively charged. Therefore, 
disconnection is an analytical operation which breaks a bond mentally and converts a 
target molecule into two charged fragment from which we may get the actual reagents 
required for the synthesis. [It is helpful to indicate the side of disconnection with a wiggly 
line.] 


3.1.1.4 Reconnection 


During retrosynthetic analysis, it is the joining up of a bond in the target molecule that 
will be broken during the forward synthesis and this operation is called reconnection. For 
example 


O H rec. 
Pee O./Me,S ? 
™ °% 


3.1.1.5 Synthon 


A synthon is an idealized fragment, usually a cation or an anion (real or imaginary), 
generated as a result of disconnection of a strategic bond in a molecule. It may or may 
not be an intermediate in the corresponding reaction. Synthones need to be replaced 
by reagents or synthetic equivalents in a suggested synthesis. [The functional group 
containing portion of the TM is called retron.] 


3.1.1.6 Synthetic Equivalent or Reagent 


A real chemical compound used as the equivalent of a synthon is called a synthetic 
equivalent (SE) or a reagent. 


The aforesaid terms can be well illustrated by the following examples: 


Tr A wiggly line 
areet indicating 
molecule disconnection 
(TM) 
iS) ® 
()  CH;~-CH,OH =——=> | CH; + CH,OH;Sythones 
Ethanol Retrosynthetic ll ll 


— CH;MgI + HCHO 


N 


Synthetic equivalents 
or reagents 
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A wiggly line 
indicating 
disconnection Retrosynthetic 
YX O arrow ° 
(ii) On =, IQ) + 0--Me 
11 
MeO | MeO 


p-Methoxyacetophenone Il II 
i 
molecule (TM) 

SO r o7 Cnr 


N 


Synthetic equivalents 
or reagents 


‘| 


Table 3.1 Some common nucleophilic and electrophilic synthons and their synthetic equivalents 


Synthons Synthetic Equivalents 
(a) Nucleophilic 
cS) 
1, | Ca CH,MgBr, CH3Li, (CH3),Cd, (CH3),CuLi 
@ ; 
2. | Ph PhMgBr, PhLi 
3 Q e® 
* | CH,CHO CH,CHO, LiC = C—OEt 
) 
4. CH,COCH, CH;,COCH,CO,Et, CH;,COCH, 
Q 
5. | CH,CH,COCH, CH,=CH—CH(OMe)CH, 
) 
6. | CH,CH,COCH=CH, CH,=CH—CH(OSiMe;)CH=CH, 
) 
the CH,CO,H CH,(CO,Et)., EtO,CCH,CN, (CH3CO),O0 
Q 
8. | CH,CO,Et BrZnCH,CO,Et 
9 vs 
| So On) 
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9 9 
10. | GH,COCH, EtO,CCH,COCH,CO,Et 
9 
11. | CH,CH,COCH, CH,=CH—CH(OCH,)CH; 
9 9 
12. | CH,CH=CH CH,C =C 
i 
9 =) 
13. | CH,—C=0 HC=C N& CH,=C—OMe, La 
H3,C” “H 
9 
14. | COOH :CN° 
o) 
16. | a6 ( , ,MeO—CH=PPh, 
SS 
o) 
16. | =o (1, , CHsNO, 
9 
17. | CH,NH, :CN? 
18. | ‘O’ (nucleophilic) H,0,/OH®° 
O 
19. | :‘NH? (OL NH. cx.on (Ritter reaction) 
O 
oi. LiAIH,, NaBH,, B,Hg, Al(Me,CHO),, LiAIH(OEt),, 
LiAIH(OCMes3)s 
S) 
a1, | a7 CH,NO, 
NOP 
9 
22. | OH—CH, MeOCH,MgCl 
iS) 
23. | CH,CHNH, CH,CH,NO, 
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(b) Electrophilic 


@ 


1. | CH, CH;Br, CH,0Ts, CH,0SO,Me, (CH;).SO, 
® 
2. | CH,OH HCHO 
® 
3. | CH, CHOH CH,CHO 
® 
4. | Me, COH MeCOMe 


® 
5. | CH,COCH, 


CICH,COCH3, BrCH,C=CH 


@ 
6. | CH,CO,Et 


CICH,CO,Et 


@ 
7. | CH,CH,COCH, 


CH,=CH—COCH, 


® 
8. | CH,CH,OH 


O 


L\ 


® 
9. | CH,CH,CH,OH 


CH,—CH—CHO, CH,—CH—CO,Et 


@ 
10. | CH,=CH 
® 
11. | CH,=COEt 


@ 
12. | CH,—C=O 


CH,CH(OEt), 


CH, C(OEt), 


CH,COCI, CH,CN, CH,CO,Et, (CH,CO),0 


® 
13. | H—C=O 


HC(OEt);, HCO,Et, CHCI,/OH®, Me,NCHO/POCI, 


® 
14. | CH,—NMe, 


CICONMe,, HCHO/Me,NH/HCOOH 


15. | CH,C=C CH,—C=C—Br 
16. | CH,—C=0 CICH,COCI 
17. | CH,—CH, BrCH,CH,Br 


18. | CH, 


CH,Br,, HCHO 
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19. | CH HC(OEt), 
20. | C=O O=C(OEt),, COCI, 
@ 
21. | Coon CO,, CICO,Et 
® @ 
22. | O=C—CH,C=O EtO,CCH,CO,Et 
O 
® @ 
23. | O=CCH,CH,C=O O 
O 
® 
24. | CH,CH,OCH, CH,CH,OCH,Cl 
25. | ‘O’ (electrophilic) CF,CO,0H, m-ClC,H,CO,OH, H,0,/OH® 
26. | CN CI—CN 
@ 
27. SO,H conc. H,SO, 
28. | $0,Cl ClSO,H 
29. NH, NH, Cl, NH,OCH, 
30. | ¢] Cl,, Cl,/FeCl, 
31. NO, conc. HNOgz + conc. H,SO,, ACONO,, N.O; 
32. | No NaNO./HCl (HNO;) 


(c) Mixed Electrophilic and Nucleophilic 


® 
1. CH, CH.N,, CH.SMe,, CH,PPhs, CH,(1)ZnI 
® 
2. = Me,C—N=C: 
o— 
3. | 2 CH,(CO,Et)., CIMg -< 
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4. | CH,CH,CH, CH, (EtO,C),CHCH,CH,CH,Br 


O 


2) ® 
ze 7 || 
CH,CH,CH,CH,C—O EtO,C CH,CH,CH,CH,—C —OEt 


O 


6. | © || ® CH,COCH,CH,CH,CO,Et 
CH, —C —CH,CH,CH,— C =O 


Examples of retrosynthetic analysis and the designated synthesis of some target 
molecules (TM) to show the applications of various types of synthones and 
synthetic equivalents listed in Table 3.1. 

1. Retrosynthetic analysis 


Soe eo eee ay 


4~oH —> cH,CH, + CH,OH'= CH,CH,MgBr + HCHO 


Synthones Synthetic equivalents 
Synthesis 


HCHO + C;H;MgBr —8°-> ~~ ogpr 22° ~~ on 


2. Retrosynthetic analysis 
~45\c0.H ——? 'CH,CH, + CH,CO,H! = = CH3CH>Br + CH,(CO2Et)> 


TM ee : ' 
Synthones Synthetic equivalents 


Synthesis 


e 
CH,(CO,Et), “o> N2CH(CO;Et), Ss CH;CH,CH(CO,Et), 


~co,H epee! 


2. H,0® 


3. Retrosynthetic analysis 


@ 8... 
—KcOo.H =—" — ae COOH! =-™.Br+ CN? 
a Synthones Synthetic 
equivalents 


Se tesa vaya tes estacspt caper Meant et on seated endasimeene te ttiaistts Cganic shenisiy: » Mec mennede 
Synthesis 
ee 
Be Lt CNiasstone “CN ao CO.H 
4. Retrosynthetic analysis 
OH O ' OH Q | fo) re) 
> i te = kg OK 
iM Synthones Synthetic equivalents 
Synthesis 
OH O 
CH,CHO + CH,cHo NOH, ACL 
5. Retrosynthetic analysis 
eS a —> IK + a ase = JL CO,Et he 
O re. om e 
TM Synthones Synthetic equivalents 
Synthesis 
O 1. NaOEt O 1. dil. KOH O 
AW 00,Et ae oe NN 
O CO,Et O 3. Heat O 
6. Retrosynthetic analysis 
0 PQ ! 
S~co,H —> Ne + °~co,H | = HC=CCH,Br + CH,(CO;Et), 
TM S ynthones - Synthetic equivalents 
Synthesis 


1. NaOEt 


CH,(CO,Et), 2-S20#"__, HC=C—CH,—CH(CO,Et), 


2. HC=CCH,Br 


1. dil. KOH 
2. H,0° 


3.A 


TM Synthones 


HC=CCH,CH,CO,H 


O 
(CH3).CuLi + Sale 


Synthetic equivalents 
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Synthesis 
0 1. (CH3),CuLi 0 
8. Retrosynthetic analysis 
0 ‘> té~<‘SE QO | OMe 
bt CH, + KL = CHBr + <. 
Synthones Synthetic equivalents 
Synthesis 
px cial, Bula ——_ CH,Br a HOS So 
OMe OMe OMe O 


9. Retrosynthetic analysis 


Sore Sere SL So ee eae 


< >—c=ccH,CH; => | c=: + CHCHs. 


TM TM Synthones 
I I 
< >-C=CH + BrCH,CH, 
Synthetic equivalents 
Synthesis 


_ NaNH, __ 87,, ® —“Br A 
4 CSCH RE? >-C=C:Na > > —-C=C—CH,CH, 


10. Retrosynthetic analysis 


lees ea reales a eases erica 


TM Synthones Synthetic equivalents 
Synthesis 
1Zn OZnBr _H,0°, OH 
BrCH,CO,Et ———_—_-> 3. Me,0=0 F—cone” >< CO,Et 
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HO | OH | O 
= ae +Hi = Co + NaBH, 
TM Synthones Synthetic equivalents 
Synthesis 


O OH 


12. Retrosynthetic analysis 


OH és fe) 
Ky, St OH + e-yi = 0+ :6=ccH, 


Synthones Synthetic equivalents 
Synthesis 
ON OH 
<0 CH;C=CN& l ek lig. NHy\_[ H, >< 
liq. NH, [~~ | Lindlar’s = 
cat. ; 
(cis) 


13. Retrosynthetic analysis 


OH S . 
Mr = 2 OH + CH;—C=0 | — =o + HC=C: 
O I 


Synthones Synthetic equivalents 
Synthesis 
oe HCSC Na, Na < Hg”*/H30 ; a tautom me 
La ~ lig. NH ” NH, N (Markownikoff’s = 
YN hydration) HO —_ O 
14. Retrosynthetic analysis 

Co. ol ae O 

Ph-s~~ OH => 'ph: + \_- OH: = PhMgBr + / \ 
TM ~ Synthones Synthetic equivalents 


Synthesis 
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i i S 
~KcHo => i + CHO! = ~™~pr + < 


See tee tee Seek 


TM Synthones Synthetic equivalents 


Synthesis 


wae 
ae ft hE, CNR SS Ox es ~~ CHO 


16. Retrosynthetic analysis 
\ Cl 
fe @ | 


) 
; me a Patek Dee ts ! N Me.N =CH OPOCI, 
CHO i-<\s | 2! 
=! + CHO! = * Me:NCHO + POCI, 
™ 4 Synthones Synthetic equivalents 
Synthesis 


iva [ io) \ 
, N : N ve O 
CM acne a H,0° cy CHO 
~——-"____» ——_> 
Me,NCHO/POCI, hydrol. 
in CH,Cl, 


(Vilsmeier-Haack 
reaction) 


17. Retrosynthetic analysis 


ese eee See eee ek 


HO,C~ ~~ CO2H =! ‘2HO,C— °+ CH, = 2CH,(CO,Et),. + CH,Bro 


T™™ Synthones Synthetic equivalents 


Synthesis 


H 
2CH(CO,Et).2A2OFts oINa ( GH(CO,Et)9I CHB, tOC)>CH~ oH? CH(CO,Et), 


1. dil. KOH 

2. H,0° 

3.A 
HO,C~ ~___ CO 2H 


3.14 Organic Chemistry: A Modern Approach 


3.1.1.7 Functional Group Interconversion 


The operation of writing one functional group for another so that the disconnection of 
the strategic bond becomes easier is called functional group interconversion or FGI. It 
is, in fact, the reverse of a chemical reaction involving oxidation, reduction, substitution, 
addition and elimination. 


Example 1 
~~ NHC cial ~ NH» + X~_- 
Synthetic equivalents 


T™ 
or reagents 


Since the TM is a 2° amine, it is usually more reactive the starting 1° amine EtNH, and 
there is a danger of multiple alkylation (the electron density on N atom increases due to 
presence of one additional alkyl group). FGI is used to overcome this problem. The reactive 
amine is converted to a less reactive amide before disconnection. Since the reduction of 
amide to amine is quite reliable, therefore, FGI is a reasonable one. 


Retrosynthetic analysis 


reduction O O 


Synthetic equivalents 
or reagents 


™ 


Synthesis 
~- NH, + ee —> ~ NH LiAIH, ~_- NH~_- 
O O 
Example 2 
O 
AAS eo tee = J + Br~n~ 
TM Synthones Synthetic equivalents 


or reagents 


Therefore, the enolate of acetone may be allowed to react with 1-bromobutane (Sy2) 
to give the TM. Although the direct alkylation of acetone enolate with 1-bromobutane 
looks attractive, one condition for the success of the reaction is to convert acetone 
quickly and completely to the enolate to avoid self-condensation with any ketone left 
unreacted. LDA can be used for this purpose, but working with the base also attended 
with several difficulties (in addition to its high cost). FGI is used to avoid these difficulties. 
The —CHCH, group is converted to a —C=CH group before disconnection. Since the 
acid-catalyzed hydration of —C=CH to give —COCHs is quite reliable, therefore, FGI is 


S) 
a reasonable one. Also, HC=C: is a good nucleophile. 
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Retrosynthetic analysis 


O H 
TM Synthones 
I I 


HC=CH + Br~_ ~~ EO 
Synthetic equivalents 


Synthesis 
NaNH, (1 mol iC) B H 
B60 0S Ng ee 
liq. NH; Sy2 
1-Heptyne 
O 
a A al 
é g 


H,0° 
We need not always write the synthones first and then the synthetic equivalents (reagents). 
If the regents are simple, they can be written directly. 
3.1.1.8 Functional Group Addition 
When a retrosynthetic analysis is done for a TM, it is often required to add a functional 
group either to the TM or to any of the intermediates to get an appropriate synthon and 
its equivalent which can be utilized in a known reliable reaction. It is to be noted that the 


functional group which is to be added to give the right synthon must be removed readily. 
In the following examples, we can understand the purpose of FGA. 


Example 1 


Retrosynthetic analysis 


fe) fe) 6) 25 
je Et 
Ss FGA CHO ae 2 CPt oue 
TM 


Synthones Synthetic equivalents 
(intramolecular) (intramolecular) 
Synthesis 
O O 
CPeonne M08 , we Ay CO2Et ont? ons, AY CO2Et 1,08 suc ACO heat OC) 
0,” COz) 


eae 


Since the a-C of an ester can readily form a carbanion and the —CO,Et group (f to a 
carbonyl group) can be removed easily by hydrolysis followed by decarboxylation, the — 
CO,Et group is added to the TM in the first step of analysis. 
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Example 2 
Retrosynthetic analysis 
O O 
Aw => No + PN = Bro 
Tl. Synthones Synthetic 
eBA equivalent 
Vv 
O 
Synthetic 
equivalent 
Synthesis 
O O LN O O 
ee “| 
A CO;Et on? eg CO,Et Sy2 7 ay ee aaa 
6 is 


CO.Et 3. heat (-CO,) 2-Heptanone 


In the first example, disconnection is done after FGA, i.e., the functional group is added to 
the TM, and in the second example, disconnection is done before FGA, 1.e., the functional 
group is added to the synthon. 


3.1.2 Guidelines for Choosing Suitable Disconnections 


The hardest task in designing a retrosynthetic analysis is to spot the strategic bond where 
disconnection is to be made. The following are the guidelines for choosing disconnection. 


Guideline 1: Disconnections must correspond to known reliable (workable) reactions. 


For every disconnection, there must be a reliable reaction in our mind for effecting the 
corresponding reconnection (bond formation) during the actual forward synthesis of the 
target molecule. For example, when the ether 2,4-D (a herbicide) is taken for disconnection, 
the strategic bond to be disconnected is O—C,,,, because the synthesis of ether is known to 
us. The O—C,,,. bond should not be disconnected because no reliable reaction corresponding 
to nucleophilic attack of an alcohol on an unactivated aromatic ring is known to us. 


Cl Cl ' 
O (A bad choice for 
) -CO2H & 5 di ont 
= + Ov -CO,H disconnection because 
Cl Cl there is no reliable 
2,4-D Synthones equivalent reaction) 


(TM) 
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Cl Cl 


O S (A good choice of 
Pag YC CO, H cr _-CO,H_ disconnection because 
Cl aa Cl t+ 8 there is a reliable 
2,4-D Synthones equivalent reaction) 
(TM) Hl Hy 
7 Cl 4 Cl~_- CO,H 
OH or 
cr + base , Br~_- CO_.H 
Cl or 
7 7 TsO ~~ CO2H 


Synthetic equivalents or reagents 


Synthesis 
Cl Cl 


ee i aaa 


Guideline 2: When two parts of a compound is found to be joined by a heteroatom, 
disconnection is to be made next to the heteroatom. 


This guideline works for esters, amides, ethers, amines, acetals, sulfides and so on, because 
these compounds are often synthesized by a substitution reaction. Using Guideline 
2, a disconnection next to the N atom cataben ethyl ester (a precursor to a drug used 
for lowering blood lipid level) can be suggested. Again, according to the first guideline, 
disconnection is to be made on the alkyl and not on the aryl side. 


9 0 
OEt C—N amine Cy os 
——__+| > a ° 
ee Om n Cy5H31 e+ HN 
Cataben ethyl ester Synthones 
oe ] l 
O 


OEt 
n-Cy5;H3;~ ~Br + io 
ie H,N 


Synthetic equivalents 
or reagents 


Although the alkyl bromide is available, we have to prepare the aromatic amino-ester and 
the best disconnection for an ester is the C—O bond between the carbonyl carbon and the 
oxygen of the esterifying group. 

O O 


Cy Fon C—O ester Cy > + EtOH 
H,N H,N 


2 
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Guideline 3: Alternate disconnections are to be considered and the routes that avoid 
chemoselectivity problems are to be chosen. This can often be done by disconnecting more 
reactive groups first. 


When one functional group within a molecule reacts leaving other potentially reactive 
functional group(s), unaltered is called a chemoselective reaction. Thus, when a molecule 
contains two reactive functional groups and we want one of them to react, the problem of 
chemoselectivity arises. 

The following compound (A) is an intermediate involved in the synthesis of ICHI-D7114 (a 
potential anti-obesity drug). This compound with two ethers and an amine functional group 
requires four reasonable disconnections to take it back to available starting materials and 
these are one at each ether groups (a and b) or on either side of amine N atom (c and d). 
We have to find out the best one. 


Retrosynthetic analysis of ICI-D7114 intermediate 


u on O~_-Ph 
Pa NW, LO ea 


+ Ph~_- NH~_ ® 


+ ge Ph \ b Synthones 
Synthones a 
” é : c Ob work 
— Fo a, b,c andd are 
F possible disconnections 
Lk N 
TM 
= (TM) ae O.. 2-Fh 
a aie 6 SO} p ae 


2 O +Ph___NH 


Synthones 
Synthones a 


Both (a) and (b) disconnections pose problems of chemoselectivity as it would be difficult 
to alkylate phenol selectively in the presence of the basic nitrogen atom. Between (c) and 
(d), (c) appears to be the better choice because the next disconnection after (d) will have to 
be an alkylation of O in the presence of an —NH, group and thus causes chemoselectivity 
problem. 


To avoid the chemoselectivity problems like this, more reactive groups should be introduced 
late in the synthesis, i.e., they should be disconnected first. 

This guideline is helpful in the next retrosynthetic step. Disconnection (c) leads to a 
compound with two ethers that might be disconnected further by disconnection (e) or (f). 
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ether O TM 
C—O 
ether | C—O [- 
ether 
OH OH 
H O Yr ea 
Synthetic equivalents Synthetic equivalents 


Disconnection (e) requires alkylation of a compound which itself is an alkylating agent. 
Disconnection (f) is much more satisfactory because this leads to 1,2-dibromethane and 
to a compound that is easily disconnected to 4-hydroxyphenol and benzyl chloride. Using 
the Guideline 3, we can say that it is better to disconnect the bromoethyl group (f) before 
the benzyl group because the bromoethyl group is more reactive and more likely to cause 
chemoselectivity problems. 


Synthesis of ICI-D7114 intermediate 


Sit aft Ov Ph Br~_~ 3, 
Sr Sy2(-HCl)) Sor base 
HO 7" HO O. Ph 
4-Hydroxyphenol Br yore 


Sy2 | PhCH,NH, 
(-HBr) 


H 
or Oe 


ICI-D7114 intermediate 
(TM) 


O. Ph 


3.1.3 Guidelines for the Order of Events in the Synthesis of Aromatic Compounds 


In designing a synthesis of a TM, there are many possible steps which are to be followed 
one after another. The order in which a set of reactions (events) is carried out to get the 
TM is called the order of events. 

The general guidelines (based on directing influence and activation) for the order of events 
are as follows: 

Guideline 1: The relationship between the groups are to be examined, looking for groups 
which direct to the right position. For doing this, all the groups are to be disconnected, in 
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turn and the reverse reactions are to be examined if they would give right orientations. 


The retrosynthetic analysis of the orris odour ketone (1) could be tackled by two possible 
first disconnections. 


Retrosynthetic analysis 
a b O 


O 
KOK — \S— Br + <O>* Wrong orientation 
TM (1) ; O _— 
ight orientation 
=z <> . ci-~ . 


Synthetic equivalents 


In the TM, the groups are para to each other. Since the alkyl group is o, p-directing the 
disconnection (b) gives starting materials which would react in the right orientation to 
give the TM. The disconnection (a) gives starting materials which would react in the wrong 
orientation because the carbonyl group is meta directing. Therefore, the correct order of 
events in this synthesis should be alkylation followed by acylation but not the reverse. 


Synthesis 


_2—8r o MeCOCl yg (1) 


AIC, AICly 
(Friedel-Crafts (Friedel-Crafts 
alkylation) acylation) 

Guideline 2: If there is a choice, the most electron-attracting substituents is to be 
disconnected first (i.e., to be added last) and this is because it is normally difficult to 
introduce any other substituent in the presence of this deactivating substituent. The 
—NO, groups in the musk ketone (2), for example, are by far the most electron-attracting. 
Therefore, these should be disconnected first. Now, the Me or the ¢-Bu group can be added 
by Friedel-Crafts alkylation. Since the —OMe group is strongly o, p-directing, the t-Bu 
group is to be disconnected. The aromatic compound obtained by disconnection is the 
methyl ether of readily available m-cresol and can be prepared by methylating with 
Me.SO,, CH,No, etc. 


Retrosynthetic analysis 


ON NO co 
ator” Wonca” ees 
nitration riedel-Crafts 
OM Mle alkylation O5Me 


TM (2) methylation || O—C 


(S) 
=O 5 + Me=Me,S0,/OH 
O 


or 
CH,N, 
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Synthesis 


Me,SO,4 t-BuCl _HNNOs 
CO... & Oy me 


Guideline 3: If FGI is required during synthesis, it may well after the directing effect of 
the substitutent. The other substituents may, therefore, be added either before or after 
the FGI. Some examples are as follows: 


o, p-directing —Me —-> —COOH, —CCl, or —CFs3 m-directing 
m-directing —NO, —~> —NH, 0, p-directing 
The synthesis of the compound (3) involves bromination of the ring and chlorination of 


the methyl group (FGD. Since the —CCl, group in m-directing, the aryl bromide is to be 
disconnected after FGI. 


Retrosynthetic analysis 


SO B® OS OC) + Bryrerr, 
C13C OH, “eee CH; 


TM (3) 


SO) =e wo a TM (3) 
HC Feb HC 


Guideline 4: Many groups can be added by nucleophilic substitution on a diazonium 
salt, prepared from an amine. Since the amine group is strongly o, p-directing, therefore, 
adding other groups at the amine stage may be advisable. 


Synthesis 


Let us consider the synthesis of the acid (4). Since the other benzene ring is 0, p-directing, 
to introduce bromine meta to —Ph the —COOH group must be replaced by —NHbp, a more 
powerful o, p-directing group than —Ph. 


Retrosynthetic analysis 


Br Br diazotization and 


LO><OS-—c0,8# 20> <e> CN — ——— @ an 


TM (4) 


= C—Br 


OC = “aan == (OKO = Seal == <O>XO NE 


In this synthesis, acetylation of the amino group is necessary to prevent over 


3.22 Organic Chemistry: A Modern Approach 


Synthesis 
Cone Hs0,? <)<O)-NO, ==> OK ON 


Ac,O 
Br Br | 


<0 
1. NaNO./HCl LO><O enact? 228s CuCN ><OS-on CN 1. NaOH/H,O Ores 


0-5°C 2H 


Guideline 5: When two o, p-directing groups are to be placed meta to each other, a 
‘dummy’ amino group is to be introduced, and after setting up the required relationship, 
it is to be removed by diazotization and reduction. Let us, for example, design a synthesis 
of the compound (5) from toluene. 


Retrosynthetic analysis 


om inate? 
= Geass rad 


TM (5) 7. 
pore 
Synthesis 
CO) 22, conc. HNO; See) ig Ac,O or Br 
conc. Cone EEO.” CH;COCI AcOH 
NH, NHCOCH, 
o- eos 
separated) 
H;PO, or NaNO, <e 
DEERE EE EEE? e——_—. 
TM (5) C,H;OH, warm Be H,SO, ae 
0-5°C 
NSHSo? ee NHCOCH, 


Guideline 6: A good synthetic strategy is not to disconnect the substituent which are 
difficult to introduce. In that case, it is better to use a starting material containing such 
a substituent, e.g., —OH, —OR, etc. This guideline is already followed for compound (2) 
(substituent —OMe) and for compound (4) (substituent Ph). 
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Guideline 7: For a target molecule with difficult combination of substituents, a readily 
available starting material is to be looked for. For example: 


O 
Orn Wer Oon OR 
O 
CO,H CHO CO,H 5 
Salicylic acid Salicylaldehyde Anthranilic acid Phthalic 
anhydride 
OH CHs; 
Gu Go OO O 
O-, M- or o-, M- or Biphenyl Mesitylene 
p-Dihydroxybenzene p-Cresol 


Guideline 8: Sequences leading to unwanted reactions at other sites in the molecule 
should be avoided. For example, nitration of benzaldehyde gives only 50% m-nitrobenzal- 
dehyde since nitric acid oxidises —CHO to —COOH. One can easily overcome this problem 
by nitrating benzoic acid followed by reducing the —COOH group to —CHO. 


Guideline 9: If 0, p-substitution is involved, separation of isomers may be avoided by 
blocking one position. For example, let us design a synthesis for the compound (6) which 
is used of prepare the garden fungicide Dinocap. 


Be, Rice 
(Hop 
TM (6) Dinocap 


If the nitro groups are disconnected first (guideline 2), the Friedel-Crafts alkylation 
required to introduce the relatively bulky alkyl group (1-methylheptyl) would give mostly 
the para product (—OH group is 0, p-directing). 


Retrosynthetic analysis 1 


O.2N NO», =n Friedel-Crafts ——— CO 


TM (6) 


The alternative order of events, disconnecting the alkyl group first, is unusual but sensible 
because the para position (with respect to —OH) is blocked. 


Retrosynthetic analysis 2 


eco c—c OH c_Nn OH 
—_ > — 
ON NO» Friedel-Crafts ON LOkno, nitration Cr 


2 
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OH 
Oe nO i> TM) 
ON NO, AlCl, 


Large amounts of ortho product can be obtained by the reactions like the Fries 
rearrangement and the Reimer—Tiemann reaction. These reactions can, therefore, be used 
to set up ortho substituents with other substituents present but one —OH group is to be 
present in the molecule. 


oOo = ST “e ® AICLy/160°C Cc or 
> tines ae 
O 


rearrangement) R 


OH P OH 
ion CHCL/OH® ane 
(Reimer-Tiemann R CHO 


R reaction) 


Retrosynthetic Analysis and Synthesis of Some Benzoid TMs Using Disconnection 
Approach 
1. Retrosynthetic analysis 


on OMe d 
oe ON see iG es. 
reduction F—C alkylation “Reaeaa” 
or (7) NO, 
Synthesis 
OMe OMe OMe OMe 
conc. HNO; O2N _dcvaic, 9 _Sn/HCl 
conc. H,SO, ¥F_C alkylation” alkylation 
NO, 
TM (7) 1. NaNO,/HCI, 0-5°C 


2. H3PO, or EtOH/warm 


2. Retrosynthetic analysis 


Br FGI I@u Br Bromination 
HO oC oxidation CH a CH 


3 
TM (8) 
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Synthesis 


Br 
5@) Br,/FeBr; Or rau KMnO, > TM (8) 
H3C H;C 2.H30 


The order of events must not be the reverse because the —COOH group is 
m-directing. 
3. Retrosynthetic analysis 


CH, CH, S 
O1,, = Saa2 
o Br goer rr =o — 
TM (9) NH, NH, NO, 
Synthesis 
CH, CH, CH, CH, 
conc. HNO; _H/Pd-C C _Ax0 Br,/AcOH 
conc. H,SO,4 or or enicl” 
NO, NH, NHCOCH, 


(separated from the 
ortho-isomer) 


H; CH; CH; 
TM (9) H3PO, ae dil. H,SO, 
EtOH/warm Br 0-5°C Br A Br 
N5cl° NH, NHCOCH; 


These two o, p-directing groups are placed meta to each other with the help of a 
‘dummy’ amino group. 
4. Retrosynthetic analysis 


CO.H CH; CH; 
Onn FGI Of ee C—Br O C_N O 
—— 
en arrag nitration 
NO, NO, NO, 
TM (10) 


Disconnection of —Br before —NO, creates no problem because —CH, is 0, 
p-directing and —NO, is m-directing. Their combined effect will give only one 
bromo derivative. However, if —NO, is disconnected first, nitration of o-bromo- 
toulene is to be carried out and a mixture of products would have been obtained 
since both the groups are o, p-directing. 
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Synthesis 
CH; CH; CH; 
conc. HNO; Br,/Fe Br _HNO,/H,O/He 
35 as > TM (1 
O conc H,SO, @ 100°C Or or alkaline KMnO, 0) 
followed by H,0® 
NO, NO, 
(separated from 
the ortho-isomer) 
5. Retrosynthetic analysis 
a NH, 
ae reerrnns “Tari 
TM (11) SO3H 
bominaton C—Br 
NH, NH, 
oO = 
—— $= — 
sulphonation 


SO3H 
FGI is to be done to change the middle bromine into an —NH, group because it 
helps to produce other bromines ortho to it (when the para-position in temporarily 


blocked). 
Synthesis 
NH, NH, NH, NH, 
sone, TSO, Br/H,o Br Br gin,so, _ Br Br 
200°C ; A 
SO3H SO3H NaNO./H)SO, 

0-5°C 

NSHSO$ 

CuBr Br Br 


TM (11) <———_ 
6. Retrosynthetic analysis 


NH 
—— 
aaa =aanenon” ae 
Br Br 


TM (12) 


ate ei eee 
An —NHz, group is to be added (by nitration followed by reduction) for placing 
three Br atoms meta to each other through bromination. 
Synthesis 


H NH, 
Conc. HNO _Sn/HCl, Br,/H,0 
a alice "05°C mye (19) 
Oe H,SO,4 2. H;PO, or 
50-60°C Br EtOH (warm) 


7. Retrosynthetic analysis 


O.N NO, on <<, ¢) + 
areas = 


TM (13) 
The electron-withdrawing (deactivating) —NO, groups are disconnected first 
because the Friedel-Crafts alkylation of the ring containing two —NO, groups is 
not possible. 


Synthesis 
)=/AlCl, cone. HNO; 
(trace HCl) conc. H,SO,4 a 
8. Retrosynthetic analysis 
COOH CH3 CH3 
Onn FGI Or NO, c_N O 
oxidation nitration 


TM (14) 


The directing effect of the methyl group is to be used to prepare the TM and so, 
nitration is carried out before oxidation. 
Synthesis 


CH; CH, 


Oo conc. HNO; or K,Cr,07 TM (14) 
conc. H,SO,4 H,SO,4 
(separated from 
the para-isomer) 
9. Retrosynthetic analysis 
COOH COOH CHs 


C—N FGI 
nitration oxidation 


NO, 
T™M (15) 
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The directing effect of the —COOH group is to be used to prepare the TM and so, 
oxidation is carried out before nitration. 
Synthesis 


CH; COOH 
1. KMn0,/OH® conc. HNO; 
——— —__—> 
O 2. H,0° O conc. HySO,4 TM (15) 


10. Retrosynthetic analysis 


OMe OMe OMe OH 
ies Br Br 
in, See «+ OS OS OF 
O -€ addition to 
an aryne 
TM (16) || Fea 
OH OH OH 
O c_s =o C—Br no 
— ——————————— 
sulphonation bromination 
SO3H SO3H 


To introduce one Br atom ortho to —OH, the other ortho position and the para- 
position are blocked by sulphonation and after the purpose is solved, the —SO,H 
groups are removed. 


Synthesis 
OH HO.8 OH OF OH 
Oo conc. H,SO,4 3 O 1. NaOH Sor dil. H,SO, Br 
> > —=——> Or 
A 2. Brg A 
SO3H SO2Na Me,SO,/OH® 
Vv 
OMe OMe 


>0H Oo KNH, Br 
TNR Sa Cr 


Due to electron-attracting —I effect of the —OMe group, attack by tert-butyl alcohol 
occurs preferably at the meta-position to give the target molecule. 
11. Retrosynthetic analysis 


OH OH OH OH 


oon FGA iad O10 c_N mer cs on 
OH OH __ nitration OH sulphonation OH 


SO3H SO3H 


The Logic of Organic Synthesis 


Synthesis 
OH OH OH 
OL cone. Hs80s, HO3S cone. NOs, HO;S NOp dil F804 my (17) 
OH OH OH 
SO3H SO3H 


One ortho- and the meta-position with respect to both the —OH groups are blocked 
by sulphonation. As a consequence, the —NOg, group is compelled to enter into the 
ortho-position flanked by the two —OH groups. 

12. Retrosynthetic analysis 


OMe OMe OMe 
Ore oss =O 0 
———_ 
Chena nitration 
NO, lation NO, 


TM (18) 


The —NO, group should not be disconnected first because mixed acid oxidises 
—CH,Cl to —COOH. 


Synthesis 
OMe OMe OMe 
conc. HNO HCHO/HCVZnCl, Cl a0 KN, KCN 
Oo conc. H,SO, @ Os ——> TM(18) 


NO, 


13. Retrosynthetic analysis 


HN OH FGI ON OH FGA ON OH 
Woon Ok coon nw Ok 

COOH *“usmen COOH HN CO.H 

TM(19) [se 


nitration 


OH C—N OH FGI OH 
OX oon = og XOX cogs gy AOL 
nitration reduction 
COOH OoN CO.H HN COOH 


It is better to start the synthesis with salicylic acid in which the hydroxyl group is 
protected by alkylation (to avoid oxidation at the nitration stage). 
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Synthesis 


OMe conc. HNO; OMe | HyPa-c OMe 
Or conc. H,SO, poq 2. AcgO poq 
CO.H O.N CO.H AcNH CO.H 
Pe 1.NaNo,/Hcl O2N Or OMe _ 1. HNO; 
J 
CO,H 2. EtOH (warm) HN CO,H 2. OH°/H,O/A 
reduction H.N OMe 
“Fe(II) OH” alkali 
can orate TOO —__* _, rig) 


CO.H deprotection 


14. Retrosynthetic analysis 


” 
CH,CH,CH C 
or 2CHLCHs rar or OH CHy. = _.. O + CH,CH,COCI 
reduction F-C acylation 2 


TM (20) 


Alkylation of benzene using n-propyl chloride produces isopropylbenzene as the 
major product due to rearrangement. Also, we cannot avoid polyalkylation. For 
this reason, we have to prepare propylbenzene by acylation followed by reduction. 
Synthesis 


i 
C_ Zn (H, — 
O + CH,CH,coc) —““s _, @- CH,CH, "8" + TM (20) 


nitrobenzene 
eer 


3.1.4 One-Group C-X Disconnections 


In ethers, amides and sulphides, the position of disconnection can easily be decided and 
it is the bond joining the carbon to the heteroatom (X). This basic approach to synthetic 
designing is called ‘one-group C—X disconenction’ because we have to recognize only one 
functional group to know that we can make the disconnection. The label C—X, C—N, 
C—O, etc., can be used on the retrosynthetic arrow. 


Since carbon is less electronegative than the heteroatom X, disconnection through the 
C—X bond will give a cationic carbon synthon. The synthetic equivalent or reagent for it 
will usually have a good leaving group attached to R. The reagents for anionic synthons 
are alcohols (ROH), amines (RNH,) or thiols (RSH). The corresponding reactions are 
therefore nucleophilic substitutions of some kind and the reagents will be alkyl halides, 
tosylates, mesylates, etc. 
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Retrosynthetic analysis of alcohols, ethers, alkyl halides and sulphides 


C-X 
R(X => R® + X° = ROH, RNH,, or RSH 
III 
RBr, ROTs or ROMs 
Alkyl halides, tosylates and mesylates can be made from alcohols and as alcohols can be 
made by C—C bond formation, they must be treated as the central functional group. 
2 TAGE ROTs 
:Py 


ROR soe 
Et,N 
PBrs 


or HBr 


RBr 


Synthesis of alcohols, ether, alkyl halides and sulphides 
RBr, ROTs or ROMs + OH® or H,O, R’OH, NaxX, or R’SH — a 


ROH, ROR’, RX or RSR’ 
Aliphatic compounds derived from alcohols: 
ROH 


[—-theaa, ROR’ (Ethers) 

ase 
= > RSR  (Sulphides) 

ase 
ROH = RX LUNFO)OS st (Thiols) 
- 2. OH°/H,0 = 

X = halides ‘ 

Hal 
OTs, OMs : >RHal (Alkyl halides) 

Nu® 


> R—Nu (Other derivatives) 
(eg., NHS CN®, ete. 


Examples of some syntheses involving one group ‘C—X disconnection’: 
1. Retrosynthetic analysis 


sor” Me C_O or" 
— +MeY 
Me ether Me 


TM (1) 
The disconnection is easy because the ether has a reactive side (Me, by Sy2) and an 
unreactive side (ring carbon). 


Synthesis 
OH 
Me,SO, 
te gg THD 
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2. Chlorobenside (an acaricide that kills mites and ticks) can be synthesized by a 
Williamson type synthesis and so disconnection is to be done on the alkyl not on 
the aryl side. Ignoring to write the unsuitable pair of synthons from an alternative 
disconnection, the viable retrosynthetic analysis is presented below. 
Retrosynthetic analysis 


Cl 
ore — sor : or 
Cl —* i Cl 


Chlorbenside Synthetic equivalents 
TM (2) 


Sr SH 1. NaOEt/EtOH 
‘ ore 


2.Cl 


Synthesis 


Mechanism 


¥Y a Pere) Cl 
S—H  :ort® S: om 
Sor OEt Oe QO ‘ JOT 
Cl Cl Sy2 Cl 


Retrosynthetic analysis of carboxylic acid derivatives 


Cl 
s SOF 


Carboxylic acid derivatives are easy to disconnect since we always choose the bond between 
the carbonyl group and the heteroatom for our first disconnection. 


° ? 
Roky Ss pSNy 4 xn 
Synthesis of carboxylic acid derivatives 
The synthesis can be carried out in several ways, e.g., using acid chlorides, acid anhydrides, 
etc. Acid chlorides are frequently used as a reagent because they are the most reactive out 
of all acid derivatives and can be easily synthesized from the acid themselves and SOC], 
or PCl;. 


O O 
I I 


R“Nc + xu —Pitine 5 p Ay Her 
3. Retrosynthetic analysis 
O O 
Rots Ph =" PhO + CIO SP 
Benzyl benzoate eer 
TM (3) 
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a 


Synthesis 


Ph-NOH + CI7 Ph 825 Py (3) 
4. Retrosynthetic analysis 


NH NH 
Sor Ar C—N Ser 2 rn a - ae 
HO O amide YO O ) O 


Paracetamol \| ie 
TM (4) NOX acy 
[Oe — 
HO nitration HO 
Synthesis 
NO = NH 
SO HNO; Sor 2 H,/Pd—C SOr 2 ae Ae Sry) 
HO HO HO 
Phenol 


(the ortho-isomer 
in separated by 
steam distillation) 
5. Retrosynthetic analysis 


a b 
Ph Sos eae xX 
TM(5) SS Ph~ OH + LL 
The benzyl halide (disconnection ‘a’) is more Sy2 reactive (because of conjugated 


and hence, more stable T.S.) compared to isopentyl halide. However, the deciding 
point in favour of route (a) is that route (b) might well lead to elimination. 


C0 ether ee ee pees 


Synthesis 
ey oe 
HOSS ere ae Re TS Cl TM(5) 


or BuLi 
6. Retrosynthetic analysis 


CH; CH; 
torr SS Ort Or 
OoN OoN porn 


Toluene 


G 


8. 
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Synthesis 


or conc. HNO; for K,Cr,07 IO avec 
conc. H,SO, H,S0,4 
24 OoN OoN J 


Retrosynthetic analysis 


= Br 
_ oO the @ HO oe 
pases C—O ether OH 
7 or i oS 
An allyl phenyl ether B 
r 


TM(7) 
The pathway involving the disconnection (a) is not normally possible (except 
through benzyne), since S,2 reaction at an sp” carbon in bromobenzene does 
not take place. The pathway involving the disconnection (b) is viable, since the 
phenoxide ion can readily displace Br from the allylic bromide by an S,2 reaction. 


Synthesis 


Retrosynthetic analysis 


O, x 
ON NO, ether” NOs NO, 
TM (8) 


The ether is disconnected on the dinitrophenyl side because the reverse is an 
activated nucleophilic aromatic substitution (SyAr) which occurs smoothly. 


Cl . 
SOL 1. a TM(8) 
ON NOs. 7 
Loar ae OPh CCl ae OPh 


Synthesis 


ae Lat = SiC) Cl... es OPh > 
SN no Svar” ON 2A ZNO “OWN SNS ON NO, 
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3.1.5 Two-Group C—X Disconnections 


The disconnections in which we use one functional group to help disconnect another 
elsewhere in the molecule are known as two-group disconnections. It is better to use 
two-group disconnections because they are more efficient than one-group disconnections. 
These disconnections can be explained under the following headings: 
(a) 1,1-Disconnections 
Let us consider the disconnection of 1,1-difunctionalised compounds like acetals, 
cyanohydrines, etc. 
Acetals: In these compounds (I), we can use one oxygen atom to help disconnect the other 
as shown below: 

Ske 

COMe 
(I) 


Both C—O bonds have been disconnected and the operation can be labelled as ‘1,1-diX’ 
to indicate that it is a two-group (diX) disconnection. That both the functional groups 
are attached to the same carbon atom is indicated by the numbers ‘1,1’. Let us take the 
example of retrosynthetic analysis of acetal (1) involving two-group disconnection. 


= >=6Me = +0 + MeOH 
+ MeOH 


Retrosynthetic analysis 


Ph yy OMe _udiX. Ph--\CHO + 2MeOH 


OMe acetal 
TM(1) 
Synthesis 
Ph~~CHO => TM(1) 
Mechanism: 


H 
| : 
—e San OMe-ia8 OMe 
BE EE a me 
® 


is @ 
Phy OMe —H® Phe ee s\n ch 
OMe Cl QMe 
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Cyanohydrines: If one heteroatom is present as an —OH group, then only one nucleophile 
OH 

so involved x } Molecules such as cyanohydrines (II) are obviously made from 
u 


carbonyl compounds and HCN 


COH ® iS] 
Xn ==> =0H + CN= >=Q: + HON 
CON . 
(II) 
Let us consider the retrosynthetic analysis of the hydroxy amine (2). 


Retrosynthetic analysis 


OH 
on.” FGI OF aan a 4 
2 reduction CN os CN 


TM(2) 
Synthesis 


? KCN ees H,/PtO. 
CT Bg Coen S85 oy 


(b) 1,2-Disconnections 


Alcohols: Compounds with heteroatoms on adjacent carbon atoms, e.g., (III) and (IV), are 
most helpfully considered as derivatives of alcohols. Disconnection gives the synthon (V), 
the reagent for which is the epoxide (VI). 


Retrosynthetic analysis 


1 
Nu~ cor ay 
=i 
a) N 1,2-diX 
cas. gh, 4 TOH => NH® + e ™0H 
(IV) ae il 
ZX 
(VI) 
Synthesis 
O RCOOH/H® Ir 
las NG os Now on a 


HCl (g) 
(Nu=RR’N, R’O, RS, etc.) Anhy.ZnCl, ny) 
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Example: 


Retrosynthetic analysis 


0 OW~nFt CO,H 
= + HO — a + HNEt, 
NH, ester : —K’NEt 
OSs Ox 
Proparacaine 
TM(3) a FGI 
CO,H CO,H 
C—O 
on qiaauen” cad + Clon 
i 
Oxrn~ OH 
Synthesis 
CO CO.H CO.H Coc! 
TINGS ee SOCI, 
— base - OL 
cae NO, NO, 
SS Or ~ 
nD ~™ NEt, 
O 
( /\t BiH) 
Vv 


0 O~~NEt, 
TM(3) <7 
: NO, 
Ow 


Carbonyl compounds If in a difunctionalised compounds, one of the functional group is 
a carbonyl group, then disconnection of the C—Nu bond gives the electrophilic synthon 
a-carbonyl cation (a very unstable species) and the best synthetic equivalents or reagents 
for these synthones are a-halo carbonyl compounds. 


1,2-diX 
Naty 2288, Nu® + ahs Synthon 


ll il 
NuH 


O 
Hal. 4, Reagent 


de taasaleas eect teats ene oa Senaany eos atin dp eae alerts Cganeshenisiy. Mec nenreden 
This disconnection to this cationic synthon is a case of two-group disconnection because 
the a-halo carbonyl equivalents can be easily prepared by halogenation of ketones, esters 
or carboxylic acids and the carbonyl group adjacent to the halogen atom makes them 
extremely reactive electrophiles. For example, the herbicide ‘2,4-D’ can obviously be 
disconnected by this approach. 


Retrosynthetic analysis 


Cl 
Oy~CO>H  1,2-4ix OH ¢c_—c OH 
Or 2H, ex cas + Oe OF 
Cl Cl Cl chlorination 
2,4-D’ 
TM(4) 
Synthesis 


Cl 


OH ore OH ; naow 
omnes 40H mae 
Cl 2. CI-\CO.H 


(c) 1,3-Disconnections 


a, B-unsaturated carbonyl compounds undergo Michael addition reaction as shown below: 


“6 
— » H® 
ale a rae ? 
Nu®+ se R ae Nu ANN R (from solvent) Nu a R 
Michael acceptor 4| tautom. 
O 
Nu we R 
(VII) 


The ketones (VII) can, therefore, be disconnected as 1,3-diX compound because they 
correspond to this forward reaction. These Michael acceptors have an electrophilic site 
two atoms away from the carbonyl group, and are, therefore, the synthetic equivalents 
corresponding to the synthons (VIII). 


O 
O 
; 1, 3-diX @ 
Nud SSR = oR Synthon 
ll (VIID) 
(VID) NuH Tl 
O 


she Reagent 


Michael acceptor 
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Examples 
1. Retrosynthetic analysis 


3 1 
Coty swt, Bs C0822, on 
reauction 


TM(5) 7 
Synthesis 
C on 1. NaOMe Con H, Co ~~, 
2. A7~CN Rh, Al,O3 
(Michael 
addition) 


2. Retrosynthetic analysis 


1 
3 1,3-diX 
Ph-8-45 4 CO2Me > Ph 8° + ©\_-CO,Me_ Synthones 


TM(6) Il | 
Ph~ ~SH+ 3 ~CO,Me_ Reagents 


Synthesis 


O o° 
oI @ 
Ph7™ SH 4 SCX ome Michael es =e 4 OMe 


) 
O OH 
Pho gs A oe tautom. Ph--SS a? a 


3.1.6 One-Group C—C Disconnections 


The C—C bond forming reactions are probably the most important reactions in organic 
synthesis. C—C disconnections are, therefore, very much important in retrosynthetic 
analysis. These are, in fact, more challenging than C—X disconnection (where there is 
only one choice of disconnection) because organic molecules contain may C—C bonds and 
we must learn which one is to be disconnected. In one way they are easier than C—X 
disconnections because reagents are available for both electrophilic (e.g., RX, R-OTs, R— 
OMs, etc.) and nuclophilic (e.g., RMgX, RLi, etc.) carbon, whereas heteroatoms are almost 
always added as nucleophiles. One-group C—C disconnections are summarized as follows: 
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1,1C—C < 


S 
2 
fo 
= 
4, 
+ 
- 
+ s 
fo) 
ey 
| 
=e) 
pe A. 


R R’ R’ 
1,2 C—C < 
2 
O 
(a) RY => R49 oe 
L R’ R’ R’ 


Il 
. 
° 
x 


O O 
3 1 
1,3C—C (e) peek —> R° + oe 


C—C disconnections involving only one functional group are known as one-group C—C 
disconnections. All of the one-group C—C disconnections (a), (b), (c) and (e) require 
reagents for the carbanion synthon R°. Simple carbanions are almost never formed in 
reactions, so reagents in which carbon is joined to more electropositive atom such as metal 
is required. The most important reagents are alkyl lithiums (RLi) and Grignard reagents 
(RMgX). 

One-group C—C disconnections can further be divided into three sections: (1) 1,1 C—C 
disconnections, (2) 1,2 C—C disconnections and (3) 1,3 C—C disconnections. 

1. 1,1 C—C disconnections: Disconnections in which the bond being disconnected 
is attached to the same C atom as the functional group are designated as 1,1 C—C 
disconnections. For example: 

(a) Synthesis of alcohols: Any alcohol can be disconnected at the C—C bond next to 
oxygen [the disconnection (a)] to give an aldehyde or a ketone and a Grignard reagent 
as starting materials. The synthesis of the alcohol (1), for example, may be designed as 
follows: 


Retrosynthetic analysis 
) ® = 
eo 2 ae = + HO~ = Oo- 


— ~MgBr 


Synthesis 


1. ether 
2. aq. NH,Cl 


——~MgBr + Me.C=O > TM(1) 
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When an alcohol contains two identical R groups, an alternative approach is to disconnect 
both of them at once and in that case, the starting material is an ester. This type of 
disconnections are called double disconnections. In such a reaction, one molecule of RMgX 
displaces EtO° from the ester to yield a ketone. Being more reactive than the ester it 
reacts readily with a second molecule of Grignard reagent. The synthesis of the alcohol (2), 
for example, may be designed as follows: 


Retrosynthetic analysis 


Phy. ,OH 
CO,Et 
ae Se> (J + 2PhMgBr 


TM(2) 
Synthesis 
OMgBr 
CO,Et Ph 
on 2 ene cyst aq. NH,Cl TM(2) 
Mechanism: 
a) 
O ‘O° MgBr O OMgBr 
> oe > [oe 


C Ph MoBr o— Ph C—Ph {4 C—Ph 
Cy Cony MgB Cc | —Mg(OEt)Br Cy ees MgBr Cy : 
OEt 


Synthesis of aldehydes and ketones from alcohols: The easiest way to synthesize 
aldehydes and ketones via this disconnection is by oxidation of the corresponding alcohol. 
For example, the synthesis of the ketone (3) can be designed as follows: 


Retrosynthetic = 


Th eB OF Be Ch 
pera 


oxidation|| FGI 


me MgBr 41 CH,OH 
re a Cy C6 cr 
Synthesis 
CY He Cy See CT 
ad 2. ren ed [O] 


1. EtMgBr 
OH 2. H;0® 
Na,Cr,07 
TM) <a ae a 


H,SO, 
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Pyridinium chlorochromate (PCC), PyH CrO,Cl°, (a complex of chromium trioxide with 
pyridine and HCl) is a better reagent for limited oxidation of primary alcohols to aldehydes. 


Pyridinium dichloromate (PDC), 2PyH Cr,0?", may also be used in CH,Cl, solution. 


Synthesis of other compounds from alcohols: Most of the C—xX disconnections 
lead back to alcohols as starting materials. So complete synthesis of a large number of 
compounds are now possible. For example, the synthesis of the alkyl chloride (4) can be 
designed as follows: 


Retrosynthetic analysis 


ay 8 CN ones a Orx 
Tan 


TM(4) \[. heme, 


MgCl 
Orne. yo 
Synthesis 


Mg 1. Me,C=O OH soci, 
Ph~Cl ae? PhMgCl 3 war? Be he 


TM(4) 


Alcohols are the key starting materials in synthesis because they can be converted into 
a whole family of other mono-functionalised compounds. Also, they can be synthesized 
readily from carbonyl compounds and esters by a Grignard reaction. 


RX or ROTs or ROMs RCHO (from 1° alcohols) 


Aldehydes 
or 


R2C=O (tran 2° alcohols) 
ketones 


PX; or HX or 
TsCl/:Py or ms 
MEOBOLOr or 


ROH 
Alcohol 


(R’CO),0 or 


Olefins «™ R’CO,H/H® RCO,H 


R’COOR carboxylic acid 
Ester 
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(b) Synthesis of carbonyl compounds: 1,1 C—C disconnection of ketones gives two 
synthons namely an acyl cation and a carbanion [the disconnection (b)]. The synthetic 
equivalents or reagents for these synthons are an ester or an acid chloride and an 
organometallic compound, respectively. Esters should not be used because the resulting 
ketone is relatively more reactive than ester towards the organometallic reagent and 
further reaction leads to the formation of an alcohol. Therefore, an acid chloride should be 
used instead of an ester and less reactive organocadmium compound, which can react with 
an acid chloride but not with an ester, should be used instead of Grignard reagent. This 
strategy has been used in the synthesis of the ketone (5). 


Retrosynthetic analysis 


1,1 C-C FGI 
a ae —— Et,Cd + Ayo — ~~ 08 
O O 


O 
TM(5) 


SOCL Et.Cd 
~~co,H a eee ty > TM(5) 


(c) Synthesis of carboxylic acids: Direct disconnection is possible at this oxidation level 
since CO, reacts with Grignard reagents or alkyl lithium to yield a carboxylic acid. This 
method complements hydrolysis of cyanides since the disconnection is the same but the 
polarity is different. The synthesis of the carboxylic acid (6), for example, can be designed 
as follows: 


Synthesis 


Retrosynthetic analysis 


1,10-C ® 
COsH == =s5 MgBr + C—OH=CO 
a4 2 ~ T 2 
TM(6) eee 0 
\[2a c-C 
iS) 
_~_- Br + C—OH 
|| = —=N 
O 
Synthesis 
_~ MgBr ©" > = -COOMgBr ao? 
CO, ——> T™ (6) 
o, Ni COOL 
NaCN 1. OH7H,O 
. att Fomor ‘2H,0° > Mt) 


It is to be noted that the tert-alkyl acid (e.g., MesCCOOH) could not be prepared by the 
cyanide method and this in because the Sy2 displacement at the tertiary centre is not 
possible due to steric hindrance. 
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2. 1,2 C—C disconnections: Disconnections in which the bond being disconnected in two 
atoms away from the functional group are designated as 1,2 C—C disconnections. 


(a) Synthesis of alcohols: 1,2 C—C disconnection of an alcohol [the disconnection (c)] 
gives two synthons namely a B-hydroxy-carbocation and a carbanion (R°) whose synthetic 
equivalents are an epoxide and an organometallic compound, respectively. The synthesis 
of the alcohol (7), for example, can be designed as follows: 


Retrosynthetic analysis 


O 
® 
Pass ===> PhMgBr + So = /\ 
OH ~ OH 
TM (7) 
Synthesis 
2®@ 
OMgBr 
O-> PhOMeBr 


ee SOP 0S nae 
/ 'N 


sterically less 
crowded centre 


Synthesis of carboxylic acids from alcohols Carbonyl compounds can be derived from 
alcohols by oxidation, so the above disconnection applied for the synthesis of alcohols can 
also be used for carboxylic acids. For example, the synthesis of the acid(8) can be designed 
as follows. 


Retrosynthetic analysis 


CO2zH  pgy OH 49 Q 
———) » ——» >—MegBr+ / \ 
2 oxidation j C-C e 
TM(8) 
Synthesis 
‘ O 
1. Mg/Et,0 tS H_ Na,Cr,0, 
» Br > » MgBr 2. H,0° > » “80, > TM(8) 


(b) Synthesis of carbonyl compounds: The 1,2 C—C disconnection of carbonyl 
compounds [the disconnection (d)] requires the alkylation of an enol or enolate anion by 
an alkyl halide. However, there are some problems in its execution. The product may 
also undergo alkylation and the enolate ion may prefer to react with the starting and the 
product ketones rather than the alkyl halide. For successful alkylation to take place, an 
activating group like CO,Et must be present on the a-carbon. The alkylation then takes 
place as follows: 
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2 
EtO,C— yr NaOEt BON es ican on ae 
O O 


A f-Keto ester 


The activating —CO,Et group stabilizes the enolate anion by conjugation and for this 
reason, the keto ester becomes almost completely converted into the enolate anion by the 
base. The enolate anion does not react with the keto ester, partly because the enolate 
anion is much more stable than that in which the activating —CO,Et group is absent and 
partly because no keto ester is left. The alkyl halide is added in a separate step so that 
no base remains to form an anion of the product. The activating group, which enhances 
the reaction in one direction, must be easily removed once the reaction is over. When the 
alkylation product of the B-keto ester is hydrolyzed and the resulting carboxylic acid is 
decarboxylated on heating, the —CO.,Et group is removed to give a ketone. 


R’ , 
R © R R’ taut 
EtO cA 1. OH~/H,0 autom 7 
2 6 2 H,0° > OF —CO; KL R — R “rs 
A £-keto ether OH A ketone 


The synthesis of the unsaturated ketone (9), for example, can be designed as follows: 


Retrosynthetic analysis 


,2 C-C 
Sey SSS ee BR ON BOLO TY 
O O O 


TM(9) 


An industrial 
precursor to $-carotene 


Synthesis 
CO,Et 
1. NaOEt/EtOH 1. dil. KOH 
Et0,0~ B ~ 2H! 
O nad r O - tts 


BAA 


3. 1,3 C—C disconnections: Disconnections in which the bond being disconnected, i.e., 
the strategic bond, is three atoms away from the functional group are termed as 1,3 C—C 
disconnections. 
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Synthesis of carbonyl compounds: 1,3 C—C disconnection of ketones gives two 
synthons namely a carbanion and a f-ketocarbocation whose synthetic equivalents are 
a Grignard reagent or RLi and an a,f-unsaturated carbonyl compound. This synthesis 
involves the Michael addition of carbanions to a,B-unsaturated carbonyl compounds. The 
synthesis of the ketone (10) and (11), for example, can be designed as follows: 
Retrosynthetic analysis 
II 1,3 C-C © ce) 
CHACH ys CHCHACOH: —> CH3;CH.2CH,CH» + cia ia 
TM (10) LiCu (CH»,CH,CH»2CH3)5 : 
CH;CH+=CH—C—CH, 
An a, B-unsaturated 
ketone 


Synthesis 


l| 1. Et,0 
CH,;CH+=CH—C—CH, + LiCu(CH,CH,CH,CHs3), aa TM(10) 
- tte 


Retrosynthetic analysis 
O 


2 CH 
CHs ues cy > 4 (CH)=CH), CuLi 


CH=CH, 
TM (11) 


Synthesis 
O 


Cr 3 1.(CH,=CH), CuLi > TM(11) 
2. H,O 
Mechanism: 


x CH SI CH &- CH 
iS) i SA 
ee ae 
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3.1.7. The Problem of Regioselectivity and Its Solution in Alkylation of Ketone and 
in Michael Addition 


A reaction is said to be regioselective when one of the several possible constitutional 
isomers is formed predominantly. For example, Markownikoff’s addition, Saytzeff and 
Hofmann elimination are regioselective reactions. A regioselective problem is how to react 
one specific part of a single functional group and no other. 


3.1.7.1 Alkylation of Ketones 


How can one side of an unsymmetrical ketone be alkylated is a regioselective problem. 


ie R? 
Na) Th) \ ©) , O . 

alkylation R os 

The synthesis of the ketone (1), for example, can be designed as follow: 


Retrosynthetic analysis 


as 1,2 C-C ak 
Aw Be din we, ls + Bro™~ 
I 


+ Pho ™Br 
TM(1) O 


CO,Et 
AA 


An activating group must be introduced for alkylation to be done at a particular position. 
Thus, the starting material must be the synthetic equivalent for acetone enolate ion and 
it is ethyl acetoacetate. 


Synthesis 
O 
A.NaOEt__ .NaQEt_ 1. dil. KOH 
a es Aw isn, 2. Pho Br AE 2. H,0°/A Som. 2 
CO,Et CO,Et 
AA 


Due to introduction of the —CO,Et group, the regioselective problem disappears and this 
is because EAA (a reactive methylene compound) enolise on one side only. Therefore, 
unsymmetrical ketones can be prepared by alkylation of §-keto esters. Diethyl malonate 
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can also be used for this purpose. For example, the synthesis of the ketone (2) can be 
designed as follows: 


Retrosynthetic analysis 


O O 
Phow we ls ba g a Cd 


TM (2) || Far 
° 12Cc CO.Et 
Photon: ——— Ph~ “Br + a 2 
CO,Et 
Synthesis 
COsEt  aont CO.Et 1. dil. KOH CO.H 1.s0cl 
.Na Ph 2 . dil. 1:) ae 2 ‘ 2 
CO,Et 2. PhCH,Br oe 2. H30°%/A 2(->s),.0d +) 
CO,Et : 
DEM 


3.1.7.2 Michael addition 


It is a nucleophilic addition reaction of a,f-unsaturated carbonyl compounds. Two 
constitutional isomers can be formed by 1,2- and 1,4-addition. The problem of direct 
(1,2) versus Michael (1,4) addition to a,B-unsaturated carbonyl compounds can be solved 
without finding another strategy. 


Nu O 
1,4 or Michael 1 R? 
ol or conjugate addition 
B 
a 
Re “SNR + NuH HO. [Nu 
\ 1,2 or direct 1 eG 
an a, B-unsaturated addition R R? 


carbonyl compound 


The Michael addition can be favoured if we follow the general mechanistic principles: 
(i) The Michael addition product is thermodynamically favoured since the more stable 
C=O bond remains intact and the weaker C=C bond is destroyed. 

(ii) Direct addition is more easily reversed than Michael addition. Therefore, the more 
the nucleophile is stable or the more the direct addition is reversible, the more the 
Michael addition is favoured. 

Gi) Hard acids prefer hard bases and soft acid prefer soft bases. Since the carbonyl 
carbon is the harder site and the f-carbon atom is the softer site, strongly basic 
nucleophiles (hard bases) tend to attack directly (hard—hard interaction), whereas 
weakly basic nucleophiles (soft bases) tend to attack in Michael fashion (soft—soft 
interaction). 
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Direct addition is most likely with unsaturated aldehydes and acid chlorides, whereas 
Michael addition is most likely with ketones and esters. Hence, Grignard reagents add 
directly to the aldehyde (3) and in Michael fashion to the ester (4). 


HV (9 HO ; a 

Uu 
o a eS Cen sue a ae 
aes TM (4) 


Nucleophiles like RLi, NH, RO® and hydride reducing agents are more likely to add 
direct (i.e., 1,2), whereas RMgBr, neutral amines, RS° and stable carbanions [e.g., 


© S 
CH,COCHCO,Et, CH(CO.Et), etc.] are more likely to add in Michael fashion. 
3.1.8 Synthesis of Alkenes 


Alkenes (olefins) can be synthesized: (i) by dehydration of alcohols, (ii) by elimination of 
HX from alkyl halide and (iii) by the Wittig reaction. 


(i) Dehydration of alcohols: It is carried out under acidic conditions. Acids must be 
fairly strong and must have a non-nucleophilic counter ion otherwise substitution may 
take place. The common reagents are KHSO, (crystalline solid and easier to handle than 
sulphuric acid), Al,Os, phosphoric acid and POC], in pyridine. This route is particularly 
good for cyclic or branched olefins. A double-bond inside a six-membered ring is greatly 
preferred to one outside, and the cis-isomer is possible. For example, the syntheses of the 
alkene (1) and (2) can be designed as follows: 


Retrosynthetic analysis 


OH 
OH P 
FGI 1,1 C—C 
—— —— + LL 
dehydration ° 


TM (1) I r 
O 
+ 
O L MgBr 
Synthesis 
f OH 
1. EtMgBr H 
Ss 2. H,0°® ae TM (1) 
Retrosynthetic analysis 
OH 
ee aed FGI Phe 9% 1,1C-C 
— ———>_ Et0.C —™~_ + 2PhMgBr 
Ph dehydration Ph 


TM (2) 


3.50 Organic Chemistry: A Modern Approach 


Putting OH at the branch point is a better strategy as disconnection of the alcohol then 
gives starting materials. 


Synthesis 
Ph. OH 
EtO 1. 2PhMgBr oo POC], 
oe 2. aq. NH,Cl Ph pyridine TM (@) 


lI 
O 


Dienes can be made by this approach if vinyl Grignards are used and this is because the 
vinyl group blocks dehydration in one direction and makes the reaction faster by the E1 
mechanism as the intermediate is a resonance stabilized allylic cation. This synthesis of 
the diene (3), for example, can be designed as follows: 


Retrosynthetic analysis 


OH 
FGI 1,1 C-C 
aa SSS 4 > (os Ox. = BrMg-S 
dehydration 


TM (3) 
Synthesis 


O 
Mg i, @: = 4 
Br7~S_—- —>> BrMe7-™s oa 2a 2 
ether R 2. aq. NH,Cl ae oe) 


(ii) Elimination of HX from RCH,X: Elimination of HX from alkyl halides follow the 
same strategy, as the halide is usually made from an alcohol. The synthesis of the alkene 
(4), for example, can be designed as follows: 


Retrosynthetic analysis 


Pw ee ee 3 Far, (OH 12 2- 1,2 C-C i 


TM (4) elimination ne 
2. A MgBr 
Synthesis 
MgBr 
AA eee A ~— OH PBr, a TM (4) 
3 


(iii) Wittig reaction: The reaction of an aldehyde (RCHO) or a ketone (R,C=O) with 
phosphorus ylide (the Wittig reagent) to yield an alkene is known as the Wittig reaction. 
This can be prepared as follows: 


a Ph3P—CH,R Br° —B&tt> Bali, py B GH, 


Ylide 
(the Wittig reagent) 


RCH,Br —>> 
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The starting halide should be primary because the initial reaction is an Sy2 one. 


The Wittig reaction proceeds through the steps as follows: 


R’‘CH40 R’‘CH—O? R’ CEO 
+: ad | oe foal —> Ph3P=O + Z hs 
RCH—PPh, RCH—PPh; | RCH~PPh; R’ 


The Wittig reaction forms both o and z bonds in one reaction so the disconnection is at the 
C=C with a nearly free choice of which end comes from the alkyl halide and which from 
the carbonyl compound. 

The exo-alkene (5), which is not possible to synthesize by elimination (because of less 
thermodynamic stability), can easily be synthesized by either of the Wittig routes. 
However, the route (a) is much easier than the route (b) because Sy2 attack by PhsP on 
methyl halide is sterically much favourable than Sy2 attack on cyclohexyl halide (a 2° 
halide). Also, cyclohexanone is easier to handle than formaldehyde. 


Retrosynthetic analysis 


O 
7 5 P-C 
. ————— + Ph3;,P—+ CH3 —> CHsI + PPh; 
Wittig 

ree Mh + PhsP ==> Br—< + PPh 

; a 3 " 7 , 

enecyclohexane _ Wittig H H 
TM (5) 
Synthesis 
cH,CI 


® i < =0 
> Ph3P—CH,I° a > PhsP CH, > TM (5) 
-Lil 


Route (a): Ph3P 


Some relevant topics 
1. Stereoselectivity in Wittig reactions 0 
ce) 
In Wittig reactions, stabilized ylides [from (EtO),P CO Me or PhyP—~~ R, where 
R=Ar, COR, C=C, etc.] react with aldehydes to give mainly E. alkenes while unstabilized 


ce) 
o = 
yields (Phz,P~ ~~R, R = alkyl) give mainly Z alkenes. 


® 7 , 
Ph;,P~ ~R +R’CHO—> R7~S— Me RS 


E R’ 
Z 
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The synthesis of the E a, B-unsaturated aldehyde (6), for example, can be designed as 
follows: 
Retrosynthetic analysis 


CHO Wittig ® P-C 
Ph-S— ——> PhCHO + Ph3P-+-CH,CHO —=>CICH,CHO + PPh, 


TM (6) 


Synthesis 
PhCHO 
E-selective 


Cl1CH,CHO © Buli 


® e® 2 
Ph3,P ————> Ph;,P—CH,CHO Cl ——> PhsP—CHCHO TM (6) 


The synthesis of the Z unsaturated ester (7), for example, can be designed as follows: 


Retrosynthetic analysis 


Witti ® 
MeO,C Aes ie MeO20~ ALA CHO + PhsP-+-CH,CH(CHs), 


TM (7) I _~ 
PhsP + CICH,CH(CHs), 


Synthesis 
® ‘— 
PhyP + CICH,CH(CH,), ~*~ > PhsP—CH,CH(CH,). Cl° 28% 


2. Me0,C(CH,),CHO” TM (7) 


2. Synthesis of conjugated dienes by the Wittig reaction 

Conjugated dienes (8) can also be synthesized by the Wittig reaction. Both of the 
disconnections giving allylic phosphonium salts and simple aldehydes or unstabilized 
phosphonium salts and enals as starting materials are acceptable. If R' and R? are simple 
alkyl groups, the route (a) is likely to yield more trans double bond and the route (b) is 
likely to give more cis double bond. For example, the synthesis of (2H, 4E')-2,4-pentadiene 
(8) can be designed as follows: 


Retrosynthetic analysis 


® 
PPh, 
— ig C,H;CHO 
H CHs 
CH, 5 _ 
vane) b CHO+ = 
3 ofon, 


Synthesis 


Rua. PRRs epee 1. Buli 
CH3;7 (CBr “Sa 7 CH3; Bre PPhs "2. C,H,CHO” TM (8) 
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The alternative disconnection (b) is suitable for 1,4-diarylbutadiene (2) because it gives 
benzyl phosphonium salts (forming stabilized ylides) and easily prepared cinnamaldehydes. 
For example, the synthesis of the diene (9) can be designed as follows: 


Retrosynthetic analysis 


NO, 
OC igi ges ® 
NO, 


TM (9) 
Synthesis 


this leads to more stabilized ylide 
due to presence of the p-NO» group 


i PPh; Zn. ® 6 1.Buli 
tor ago aac? TO) 
O.N ON “or > 


3.1.9 Use of Acetylenes (Alkynes) in Organic Synthesis 


Acetylene itself is readily available and its most important property is its ability to form 
a carbanion usually with sodamide in liquid ammonia and with Grignard reagents. This 
is one of the few carbanions available as a genuine intermediate. The carbon in acetylene 
is sp hybridized. Due to more s character the carbon becomes more electronegative and 
causes weakening of the C—H bond. So, in the presence of a strong base, it acts as an acid. 


aoe 
/ pes > H—-=® Na” + NH; 
cS ; (1) 


H—=—H—+ 
& 

Aeeeien 

NH,() 


> H—=—Mel + CH, T 


The carbanion (1) reacts with alkyl halides, carbonyl compounds and epoxides to give the 
higher alkyne (2) and the unsaturated alcohols (3) and (4), respectively. 


RX > H—=—R 
Sn2 By 
0% 
ae OH 
H—=° = } a > H-= €R 
(1) (3) R 
‘e: 
R 
> H-= R 
Sw2 @ TT. 


FE eela ans ane lets eats cate tae pets a de oaens esate nae eaten te Cganc sherisiy. a Meceienniedcy 
The resulting compounds with one more acetylenic proton react again with base and then 
with the electrophilic species to yield similar products. For example, (2) yields (5). 


os OH 
¥\ fe) RR | 
R—=—H > R-=* > R—=—CR, 
(2) (5) 
Therefore, disconnection of any bond next to a triple bond is reasonable. The synthesis of 
the tranquilliser oblivion (6) and the surfactant surfynol (7) can be designed as follows: 


Ne.NHE 
NH,() 


Retrosynthetic analysis 


Z 
ee mee, > 50 48 


TM (6) I 


Synthesis 
1. NaNH,/NH; (J) 


H—=—H 5 > TM (6) 


O 


Retrosynthetic analysis 


OH 
ae iad ai ary + H—-=—H 


TM (7) 
Synthesis 
Ww =_4H 1. NaNH./NH; oO, | 1. NaNH./NH; (7) TM (7) 
eee rr 
Mechanism: 


_Y { Xme _ Kb _ OF ahn, 
H—C=C—H —> H-C=c2 > H-C=C-{*. —> = | 


2 
oT ae ‘O° OH ph) __ OH fue \ oH 
c=0= 1 a ee A. 


Some acetylene adducts are also valuable intermediates because disubstituted acetylenes 
(8) can be reduced to cis or trans alkenes as desired and because mono-substituted 
acetylenes (2) can be hydrated in the presence of dilute acid and Hg”* to yield methyl 
ketones (9). 
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H,/Pd—CaCO; partly “poisoned” —n 
>R R’ 


with Pb(OAc), and quinoline 


“Lindlar” catalyst cis-alkene 


R— =—R’—— 
(8) Na/NH; (J) . Row eR 
trans-alkene 
‘s O 
oe H/H,O, Hg(I1) . wk 
(2) (9) 
Mechanism: 
*Ho2t a ot :0. 
R—C=cH/A > R-C—=CH/—-> R-C=CH —— 
. 2 
he f | 
\y 
3 Het He® 
ai ' H,O-H. . 
RC CH rautom R—-C—CHy yi Ss R—-C!CH, autem: R_-C=CH 
O OH Or OH +H,0° 
(Keto form) (Enol form) 


The synthesis of the important intermediate cis-butene diol (10) and the carnation perfume 
(11), for example, can be designed as follows: 


Retrosynthetic analysis 


O 
— FGI HO OH 2x1,1C-C 
Ho \— on Sa HON Ga 8 BEES oN 4 HSH 
TM (10) 
Synthesis 
Be Sys. iG ~~ NOH ——"__> [TM (10) 

metal Lindlar catalyst 
catalyst 


Retrosynthetic analysis 


O 
A_~~ Fe, —— —»> H—-=-—H + ke Oo 


hydration 
TM (11) 
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Synthesis 
1. NaNH,/NH, (1 HIH,O 
foe ee MLO SPM (11) 
2. Bra Hg?® 


Acetylenes are particularly useful for synthesizing dienes of the type (12) and this is 
because the double bond outside the ring comes from acetylene and the double bond inside 
the ring is formed by dehydration of the corresponding alcohol. The synthesis of the diene 
(12), for example, can be designed as follows: 


Retrosynthetic analysis 


a OS on 
Tia dration er rad “li | | 


TM (12) 
Synthesis 
7 HO. 4 HO 
———— H KHSO, 
cy oe cS ie "ts TM (12) 
NaNH.,/NH; (J) Lindlar catalyst (-H,O) 


3.1.10 Two-Group C—C Disconnections 


When two functional groups are used together to guide a disconnection, it is called a 
two-group C—C disconnection. These bifunctional disconnections are classified according 
to the relative distances between the two functional groups under consideration. For 
example, 1,2-, 1,3-, 1,4-, 1,5-, and 1,6-bifunctional disconnections. Since these are oxygen- 
containing functional groups, these are also abbreviated as 1,2-diO disconnection, 1,5- 
diO disconnection, and so on. However, 1,3-diO, 1,5-diO and 1,6-diO disconnections are 
quite convenient. The Diels-Alder reaction may also be considered as a two-group C—C 
disconnection. 


3.1.10.1 Diels-Alder Reaction 


The Diels-Alder reaction (a pericyclic reaction) is one of the most important reactions 
used in organic synthesis and this is because it makes two C—C bonds concertedly, i.e., 
in one step and also because the reaction is regioselective as well as stereoselective. It is 
a (4 + 2)-cycloaddition reaction between a conjugated diene (a 4z-electron system) and a 
compound containing a double bond (a 2z-electron system) called a dienophile (diene + 
philia, Greek: to love) to form a six-membered ring (a cyclohexene) which is often called 
an adduct. In general, the most reactive dienophile is one in which the double bond is 
conjugated to some electron-attracting group while the more common reactive dienes are 
those which have electron-releasing groups bonded to the double bond. For example: 
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a reactive 
é dienophile O 
a reactive Se 30°C ire 
diene Sr 


2,3-Dimethyl- Propenal (100%) 
1,3-butadiene 


The disconnection corresponding to the above reaction (the Diels-Alder reaction) can be 
done by drawing the reverse reaction mechanism 


O O 
D-A 
eye Se 


This is a two-group disconnection because it can be done only when both features— 
cyclohexene and the electron-withdrawing group—are present and the relationship 
between them is recognised. A Diels-Alder disconnection is, therefore, worth trying if a 
TM (simple or complicated) contains a cyclohexene and an electron-withdrawing group at 
the right relationship. 


Stereospecificity The Diels-Alder reaction is a concerted reaction and so, neither the 
diene nor the dienophile has time to rotate. As a consequence, the stereochemistry of each 
reactants remains preserved in the adduct. Thus, with respect to the dienophile and the 
diene the addition is stereospecific and almost always syn, 1.e., the Diels-Alder reaction is 
stereospecific. The cis-dienophile (1), for example, gives the cis-adduct (2) and the trans- 
dienophile (3), for example, gives the trans-adduct (4). 


O H p 
H OMe : re 
ZA 150 iW OMe 
id . Se sealed Ue Ge 
O tube ye) 
H 
(1) (2) 
O H O 
— MeO H sealed Mt, H 
O tube 
MeO~ So 
(3) 
(4) 


The stereochemistry of the diene is also transmitted to the product. This can be shown by 
the following reaction in which the diene (5) added to an acetylenic dienophile to give the 
cis-adduct (6). 
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Ph 
C O.Me 
+ 
S CO,Me 
Ph 
(5) (6) 


Since the synthetic attractant Siglure (7), used as bait for the Mediterranean fruit fly, has 
such a trans relationship between the substitutents at C-4 and C-5, the starting dieno- 
phile must be a trans one. 


Retrosynthetic analysis 


Ba Ae 6 Yan 


I 
O 


Siglure 
TM (7) 
Synthesis 
AW 
S EtO,C ” " 


”“CO,Et 


Stereoselectivity (Endo-selectivity) Though the stereochemistry of the diene and that of 
the dienophile is preserved in this reaction, in many cases two products can still be formed. 
This can be seen in cyclic systems. For example, when cyclopentadiene is allowed to react 
with maleic anhydride two diastereoisomeric products, called exo and endo, are obtained. 
However, the addiction gives the endo-adduct predominantly and this is because the endo 
transition state is stabilized by secondary orbital interactions (see article no. 8.3.3.3). 


D+ Oe = Lf 


Cyclopentadiene Maleic rane ee a Exo-adduct 


anhydride iaaicn (minor) 


Regioselectivity Diels-Alder reactions between unsymmetrical dienes and unsymmetrical 
dienophiles are regioselective. For example, 1-substituted butadienes give ‘ortho’ products 
(8), whereas 2-substituted butadienes give ‘para’ products (10), particularly in the 
presence of Lewis acid catalyst. The ‘meta’ products (9, 11) cannot be prepared this way. 
For convenience, we may remember that the Diels-Alder reaction is ‘ortho-para’ directing. 
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Ok tlhe de o 


1-substituted O 


O O 
_ SnCl, 
so par eee 
2-substituted O 

(10) (11) 
This can be explained in terms of charge distribution in each of the reactants. 
The synthesis of limonene (12), for example, can be designed as follows: 


Retrosynthetic analysis 


hy BB AHS + by 


Limonene 
(TM (12) 


i n 
base: SS BS man 
ae 
O O 


It is to be noted that stereospecificity, stereoselectivity, and regioselectivity combined give 
an unprecedented degree of control over the Diels-Alder reaction and that’s why it is so 
much popular. 


Synthesis 


3.1.10.2 1,3-Difunctionlised Compounds and a, B-unsaturated Carbonyl Compounds 


1,3-Difunctionalised compounds (compounds with two functional groups in a 
1,3-relationship) can be disconnected easily as they give synthons with their natural 
polarity. The two important class of compounds having 1,3-relationship are dicarbonyl 
compounds and f-hydroxy carbonyl compounds (aldol systems). Since many aldol systems 
easily dehydrate to form a,$-unsaturated carbonyl systems, the 1,3-diO disconnection is 
also applicable to the o,f-unsaturated carbonyl systems. 


1. 1,3-Dicarbonyl compounds These compounds have a wide range of applications. 
Disconnection of a 1,3-dicarbonyl compound gives an enolate anion and an acylium ion. 
Therefore, the corresponding forward reaction is the acylation of an enolate anion. This is 
possible with esters (X=OR) or acid chlorides (X=Cl). 


O O O 


O O o° 
AAR sato, | 2 <> I> dl = yt 
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The synthesis of dibenzoylmethane (13), for example, can be designed as follows: 


Retrosynthetic analysis 


0 O @) 0° 0 
3 diO <> + 
PhoON SS Ph aN Pea one EtO-\\Ph 
TM (13) 


This disconnection which corresponds to a Claisen condensation gives simple starting 


materials. 


Synthesis 
2 
Ph 7 Ph-“S Ph fC) ae Ph Ho SH Ph 
BO? 


may | TF 2. 8 Tie © 
Pho Ph Pho Ph PhS Ph 


2. B-Hydroxy carbonyl compounds Thesame disconnection strategy is followed for 6-hydroxy 
carbonyl compounds. In this disconnection at a lower oxidation level, the ester is replaced 
by an aldehyde or a ketone. Therefore, this disconnection actually corresponds to an aldol 
reaction. For example, the synthesis of the B-hydroxy aldehyde (14) can be designed as 


follows: 
Retrosynthetic analysis 


OH Sito OH @) 
CHO faz LEN n~_Je on _ ea. 
ll 
O 
en 


Therefore, this aldol (14) can be synthesized by aldolization of butanal | _-~_- CHO]. 


H 
TM (14) 


Synthesis 


CHO + ~~. CHO 2s awa) 
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Mechanism: é 
Oy ‘OP 0 poe 
H 
ae :OH® A — pees 
H 72 ——~H “ H 
H ee iS) 
An aldehyde we 
OH 0 
“lO 
O~ ~H O* ~H 
An aldol 


3. a, B-Unsaturated carbonyl compounds Itis very easy to carry out dehydration of B-hydroxy 
carbonyl compounds and this is because the proton to be removed is enolic and the product 
formed is stabilized by conjugation. 


OH O O 
acid 
re ~ or base/A AL 
H 


Therefore, the retrosynthetic analysis of an enone or other a,f-unsaturated carbonyl 
compounds must involve an FGI followed by a 1,3-diO disconnection. The dehydration 
takes place during the condensation so that the aldol need not be isolated. Under acidic 
conditions, dehydration occurs much rapidly. The synthesis of the enone (15), for example 
can be designed as follows: 


Retrosynthetic analysis 


A rat, SER sao, 1,3-diO 2 )=0 


iia 
TM (15) 
Synthesis 
H,0° 
O ——> TM (15) 
Mechanism: 
® we 
anys (OH (OH 
WB a aa iD H,O ae 
CH,—C—CH, == H—CH,+C—CH, == CH,=C—CH; + H,O 
CHC CHs 
cle 
Be) 
(protonated acetone) 
® ® 
O CH; 0 ¢OH2 46 HOO OH 
a eo Hd 
CH," “CH= “CH, = CH; “CF [~CH, CH3~ “~CHz~ [ CH; 
Y= CH CH; 
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Problems related to chemoselectivity and regioselectivity in carbonyl condensations We have 
discussed some good disconnections based on carbonyl chemistry but avoided all questions 


of chemo- or regioselectivity. This becomes clear if we consider the synthesis of the enone 
(16). 


Retrosynthetic analysis 


ac — Ph x ee 


Me 
TM (16) 
Synthesis 
LN @ 
0 Bia 
O C02 O O a 
Pho an: Pao | H Me Ph =HL0, TM (16) 
Ne) H (basey 6 OH 


Although the retrosynthetic analysis of TM (16) is very simple, the corresponding synthesis 
is not very simple. In this synthesis, we want the ketone as the only carbonyl compound 
to enolise but the aldohyde can also enolise. We want to enolise on the methyl side of 
the ketone, but the benzyl side might be preferred because the corresponding enolate 
is more stabilized by resonance. We want the enolate to attack the aldehyde, but the 
enolate can also attack another molecule of ketone. Because of these ambiguity, carbonyl 
condensations give a mixture of products and become synthetically less useful. Hence, for 
a synthetically useful condensation there should be no ambiguity as to which compound 
enolises and which compound acts as the electrophile (chemoselectivity problem) nor any 
ambiguity on which side of the C=O group the enolization takes place (regioselectivity 
problem). Some methods to control both types of selectivity are discussed below. 


Self-condensations We can solve the problem of chemoselectivity by using one type of 
carbonyl compound instead of two. 


Aldehydes, symmetrical ketones and esters all give unambiguous reactions. For example 
OH 


i) 

ene CHO _ > gers 
CHO 

O O O 
H,0° Ss Al (OBu-t)s oe 
—— ——————> OH 
CO,Et 
—. C 0.E t i-PrMgBr 
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The problem of regioselectivity in enolisation of unsymmetrical ketones can be removed 
by changing the reaction conditions. Under basic conditions, there is a kinetic (or rate) 
control over the reaction; the more acidic proton, usually on the less substituted carbon, is 
removed to give the enolate. However, under acidic conditions, there is a thermodynamic 
control over the reaction; rapid equilibration between ketone and enol causes formation 
of highly substituted enol. Therefore, different products are formed in basic and acidic 
conditions from the unsymmetrical ketones. For example: 


O 
O ad ale 0 OH _H0 0 
base 


oe Lhl7” ee ee ve 


O kinetic enolate 5-Methylhept- 
— oS 4-en-3-one 
2-Butonone va Ow» A 
thermodynamic 3, 4- Dimethylhex- 
enol 3-en-2-one 


Therefore, if we want to get the 3-one, we have to carry out the reaction under basic 
conditions, and if we want to get the 2-one, the reaction should be carried out under acidic 
conditions. 


Intramolecularreactions Although only one molecule is involved in intramolecular carbonyl 
condensations, the problem of chemoselectivity and regioselectivity may still arise. Since 
these carbonyl condensations are reversible, a thermodynamically preferred route is the 
one which leads to the formation of a five- or six-membered ring. Intramolecular reactions 
are, therefore, easier to control than the bimolecular equivalent. Cyclisation of the 
following symmetrical diketone (17) could take place in two ways [(a) and (b)] depending 
on which side of the ketone enolises. However, the reaction actually follows the route (a) 
only to yield a more stable six-membered ring rather than a less stable eight-membered 
ring. The same result in obtained in the presence of both acid and base. 


ss (On > 
LEVEE Qo PQ 
2.0 ( 
‘(OH = H-OH _ElcB 
a os) 09 ie a a = eS) = -H,0 De 
" : OK / 16 OH 


(not obtained) 
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Cross-condensations 


1. Use of compounds which cannot enolise Cross-condensation reactions are in general 
not synthetically useful when both the components contain enolisable H-atoms and this 
is because in that case a mixture of four products is obtained from which separation of 
the desired product becomes very difficult. Also, the yield of the desired product is not 
good. A compound, which cannot enolise, can react only as the electrophilic component in 
condensation reactions. A few examples are as follows: 


O O O 
RI-A R? (R1, R? = H, OF t, Cl, Ar, t-Alk, COEt), EtO7 Cl, HONK 


One synthetically useful case is the introduction of the activating group CO,Et in 
compounds such as cyclohexanone. The synthesis of the ketoester (18), for example, can 
be designed as follows: 


Retrosynthetic analysis 


O 


O O 
CO,Et —13.4i0 
oy ———. eS z tO” ~ORt 


TM (18) 
Synthesis 
O 


O 
ey i 5-9 8) 
(EtO),CO 


The carbonyl compound forming the enolate ion can also act as electrophile and self- 
condensation product will be formed. For example, when acetaldehyde is allowed to react 
with benzophenone in the presence of a base, no cross-condensation product is obtained. 


base Ph CHO 
r Ph 
ag Ph \ph 


(poor \ base x CHO 


electrophile) 


Therefore, to obtain the cross-condensation product exclusively, the electrophilic component 
must be more electrophilic than the enol component. Chalcone (19), for example, can be 
synthesised by considering these strategies of control. Only the ketone PhCOMe can 
enolise and the aldehyde PhCHO is more electrophilic among them. 


Retrosynthetic analysis 

O 4 O O 
a, 
Pho ph 2 pa -*N gM Ph 


TM (19) 


The Logic of Organic Synthesis 3.65 
e 


Synthesis 


0 base. pat (19) 
Bee + ue Sk (NaOH) 


Formaldehyde, a non-enolisable carbonyl compound, is expected to be used as an 
electrophilic component in cross-condensations. However, the inconvenience with this 
compound is that it is too reactive and reacts repeatedly with the enol component to give 
a product (with no a-H) which then undergoes Cannizzaro reaction. For example 


O 
~ H = wof~o OH HO “foo 


Pentaerythritol 


This problem can be avoided by using a formaldehyde equivalent which is less reactive 
than formaldehyde itself. A useful method is the Mannich reaction in which formaldehyde 
is allowed to react with the enolic component and a secondary amine. The initially formed 
iminium ion intermediate adds to the enol to form a Mannich base. 


O H® ® 
poy * BNR: Ho CH=NR, 


Iminium ion 


1 Th onan, CH,-=NR yr 
2 
0 
Ss + HCHO + Me,NH ==> a, ate 


Cyclohexanone Mannich base 


For example: 


Alkylation followed by elimination converts the Mannich base to the product of 
formaldehyde condensation. 


O OH 


—BeOH 
AA Sir, 8s Sy2 AA fis stip (Ag,0/H,0) OSPCNR a: OH® 


O -NR; 
AL -H,0 
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O } 
NMe, ———> NMe, ——-——-> CN Mes 
Mannich O 
—NMe; 
base CH, _H,0 


2. Use of specific enol equivalents Problems of regio- and chemoselectivity are all answered 
by the use of specific enol equivalents, i.e., reagents which behave as the regiospecific 
enol of one particular carbonyl compound. Condensation of the enol of an ester with an 
aldehyde as the electrophilic component is not at all effective as the aldehyde is more 
reactive in both senses and undergoes self-condensation to give the corresponding product 
(21). 


Example: 


~~ COsEt 


O O 
+ 
oy a Sent base (20) 


Acetaldehyde Ethyl acetate —_ CHO 
(21) 

If malonate (DEM), the specific enol equivalent of the ester is used the condensation takes 
place smoothly. 

Under the reaction conditions malonate enolises completely while the aldehyde is only 
slightly enolised. The most electrophilic carbonyl group is still the aldehyde. A mixture of 
weak acid and weak base is often used as the conditions should be very mild to favour the 
kinetic control of product formation. This is what is called the Knoevenagel condensation. 
The product can be hydrolysed and decarboxylated in the usual way to yield the a,f- 
unsaturated ester. 


5 O OF O 7 3) 
0 ie a 

oe on EtO <> EtO- 4 <> EtO |_| 
SO Eto~ SO EtO~ SO CO 

OF OH O., OH 

CO,Et <2 OHH 1. OH7 41,0 we Et,NH 
SS COREt <5 OFA <o.H,0% , BtO.C~ ~~~ € LE tO Mes \EtOT, Me 
Ethyl 3. EtOH/H® CO,Et eae CO,Et 


acrylate 


The Logic of Organic Synthesis 3.67 
e 


ROC. Ch RO,C 0 ve 
SSP (OEt), : P(OEt), i 
_ “— p> + (Et,0),P—ONa 
| ' COR 


Organozinc reagents may also be used as specific enol equivalent. They react with 
aldehydes and ketones but not with esters, so they can be easily prepared from o-halo 
esters. Organozinc reagents obtained from a-halo esters react with aldehydes or ketones 
to form B-hydroxy esters. The reaction, known as the Reformatsky reaction may be outlined 
as follows: 


=O 
ae Zn ——N 1. { 
Br~CO,Et —"> BrZn~~CO.Bt > 1 ><co,nt 


The synthesis of the B-hydroxy ester (22), for example, can be designed as follows: 


Retrosynthetic analysis 


-diO 
ae es \=0 + 9 CO2Et = BrZn—__ COQEt 
CO.Et 
TM (22) 
Synthesis 
Br-\CO,Et > Brn —CO,Et — BMS. TN (29) 


3 


Enamines are the best specific enol equivalents for aldehydes. Also, these are useful for 
ketones. They can be easily prepared from carbonyl compound and secondary amine. 


R--~\CHO + R3 NH> RE NR} 
CNR? ® > L NTR2 ——#20 L 
R! ~ NR5 + E pi} A2NR3 nee” HO pew CHO 


E® = electrophile (e-g..°~co,nt = pes CO,Et] 


The retrosynthetic analysis of the enone (23) suggests that it is a condensation product 
of an aldehyde and the enol of a less reactive ketone. This condensation can easily be 
achieved by making the enamine of the ketone (the Stork enamine reaction). 
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Retrosynthetic analysis 


O O 0 
TM (23) 


Synthesis 
O 
O O CHO O 
Cy My os © Pa > a OTM (23) 


Ma tae A Ann 
(a 2° amine) 
An enamine 


Mechanism: 


dct as 
salt) 
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3. Removal of one product A very powerful method of thermodynamic control is the 
irreversible removal of one product when there established an equilibrium among 
the products. This type of control is commonly exercised through dehydration to 
thermodynamically more stable enones, product ionisation to give highly resonance- 
stabilized $-dicarbonyl anions or decarboxylative dehydration to give a,f-unsaturated 
carboxylic acids. 


O 0 Ph a (cannot be dehydrated 
sk prow due to lack of o-H) 
base O 
(Claisen-Schimidt) 
~~ enn 


0 O one) OF O O :OF 
2) ZA 
Kon: 
a ae stable enolate 
base 
(Claisen) 
Oo oO 
(cannot form stable enolate due 
HOO to lack of active hydrogen 
ato two carbonyl groups) 
e 
ae + HO,C-~co,H ats —- CO2H 
H (Doebner) 


3.1.10.3 1,5-Difunctionalised Compounds 


1,5-Dicarbonyl compounds can be disconnected at either a,8 bond. The disconnection of 
this kind reveals that the target molecule can be synthesised by employing the well-known 
Michael addition. 


Retrosynthesis analysis 


O O O O 
1,5-diCO 
RIAN DEAR R? —> pitke + se 


Since in this case all the questions of control remains, the enolate must have activating 
group like CO,Et to ensure both enolisation at this site and Michael (i.e., 1,4) rather than 
direct (i.e., 1,2) addition to the o,B-unsaturated ketone. 


Synthesis 
f NaOE ? ? dil KOH 2 ? 
1. NaOEt 1. di eee 
rR 4Ne > RIS 2H? RI ie 


COjEt 2. pe CO.Et 3. heat 
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Cyclic 1,5-difunctionised compounds are best disconnected where the chain meets the 
ring. For example, the synthesis of the keto acid (24) can be designed as follows: 


Retrosynthetic analysis 


O O 
1,5-diCO 
? 4 1 Se So + at. COsH 
3 CO,H 
y} 
TM (24) (activation required 
and so DEM is used) 
Synthesis 
NaOEt 1. dil. KOH 
3. h CO. 
DEM CO,Et esti 2) 


Activation by enamine formation We have already discussed the use of enamines as specific 
enol equivalents. They are found to be equally useful in Michael reactions. For example, 
the following keto ester (25) can be prepared from cyclohexanone through the formation 
of enanine. 


2G wee SS 
BD 8 lt Lamas hin 
(Michael) 


et ae -— 
O * : O 
ides CO ,Me eet Ay hom 


(25) 


The Robinson annelation One extension of the Michael addition is an important way to 
make six-membered rings. The cyclisation in the second step of the synthesis often goes 
spontaneously and the whole process of addition and cyclisation, being a ring formation or 
annelation, is known as the Robinson annelation. 


ie tes 2 RE 
ase ase 
Rak * ee “Michael” hho a Aldol ho 
addition condensation 
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The compound (26) can be disconnected by following this strategy. Disconnection of the 
a,-double bond reveals a simple 1,5-diCO disconnection. 


Retrosynthetic analysis 


O 


1 
O is CO.Et O 
O I O | AL co.Et 
roe SNOEt a, B Ph~5 =~ Ph 1,5-diCO rs 
Ph 


O 
Zz 
TM (26) Ph Ae Ph 
It is to be noted that if there is no CO,Et group in the TM, its addition is necessary to 
control the Michael reaction. 


Synthesis 


O O 
NaOE 
ph ake py + TK CO,Et > TM (26) 
EAA 


3.1.10.4 1,2- and 1,4-Difunctionalised Compounds: Concept of Umpolung and 
Latent Polarity 


Concept of Umpolung (reversal of polarity) An aldehyde can be converted to a ketone through 
the formation of the corresponding 1,3-dithiane (a thioacetal) followed by alkylation of the 
dithiane and hydrolysis of the new thioacetal by dilute acid in the presence of Hg”*. 


O SH : O 
t ee Cl ae . BNcnfx S g Heth i 
RSH we? Se Ree “H,0®” RB! “CHR? 
An aldehyde #29) R'“H RS Li? CX R' ‘CH;R? ~~ A ketone 
A 1,3-dithiane A 1,3-dithiane 
(thioacetal) (thioacetal) 


In these syntheses involving 1,3-dithiane, the usual mode of reaction of an aldehyde is 
reversed. The carbonyl carbon is positively polarized, i.e., normally it is electrophilic and 
so, it reacts with nucleophiles. When an aldehyde is converted to a 1,3-dithiane and then 
treated with butyllithium, the same carbonyl carbon becomes negatively charged and 
reacts with electrophiles. This reversal of polarity of the carbonyl carbon atom is called 
umpolung (German for ‘polarity reversal’). The 1,3-dithiane anion is, therefore, a synthetic 
equivalent of an anionic carbonyl carbon atom (an aldehyde carbanion). 


® 
b+ LHS SH/H® | aa = pe 
Ri-~ SHO 2. CyHoLi Ss sg R- 
N= 
Ree 
cS 
An aldehyde A 1,3-dithiane anion 


— Umpolung — 


ia iti ae tet aa accountant a ceases etanidoeerearaige ts Organic shen: i Magee piode 

Concept of latent polarity The concept of latent polarity is actually an imaginary pattern of 
alternating (+) and (—) charges used to give an idea about the nature of synthons obtained 
as a result of disconnection of a target molecule. The polarities are arranged in such a way 
that the (+) charge is initially placed on the carbon adjacent to the more electronegative 
oxygen atom. There are two patterns of polarity in the molecules. These are discussed below: 


(a) Consonant pattern It is, in fact, a coincident relationship of latent polarities. If the 
latent polarities arising from each of the functional groups are added, they are found to 
be superimposable 1,3- and 1,5-DiO functional systems follow this charge pattern. In the 
following TM [TM(27) to TM (29)], for example, if we start either from left hand side C=O 
or from right hand side C=O/C—OH, we find that the relationship of latent polarities are 
overlapping, i.e., superimposable. When the target molecules of this type are disconnected, 
synthones of normal polarities are generated and as a consequence, the forward synthesis 
can be carried out smoothly with normal synthetic equivalents. This may be shown as 
follows: 


O O O O 1,3-diCO O O 
AL Js A —— oh . . all 


latent polarity latent polarity normal synthons 


starts from left starts from right I I 


C=O C=O O + O 
(superimposable latent polarities) 
akc AW COsEt gq 
normal synthetic equivalents 
O OH 
wk " ® 
at [2 Bi OH 43-dico normal synthons 
Ul 2-4 1 4 2 
NER NG T T 
latent polarity latent polarity O + O 
starts from starts from _L_-co.Et UW 
C=O C—OH 
(superimposable latent polarities) normal synthetic equivalents 
TM (28) O 
O 
> wee + ook 
at ee Te iI ee Ts 1,5-diCO normal synthons 


: [ I 
latent polarity latent polarity 0 


starts from left —_gtarts from right t 
C—O C—O . the - Et0,c~_ 1 


(superimposable latent polarities) 
TM (29) normal synthetic equivalents 


Ae LL A ec oc ee eT ee eee oe ee eT oe ene eee ene nee Me RON TERN) 
(b) Dissonant pattern It is a nonsuperimposable relationship of latent polarities. If the 
latent polarities arising from each of the functional groups are added, they are found to 
be nonsuperimposable. 1,2 and 1,4-DiO functional systems follow this charge pattern. For 
example, in the following TM [TM (30) to TM (32)], if we start either from the left hand 
side C=O or from the right hand side C=O/C—OH, we find that the latent polarities 
are not overlapping, i.e., not superimposable. On disconnection this type of TM must give 
synthons of unnatural polarity (umpolung synthones) and as a consequence, the forward 
synthesis requires umpolung synthetic equivalent or reagents. This may be shown as 


follows: 


O © 
hg Tv 
umpolung or normal 
a O 7 unnatural synthon synthon 
reF 21 = + 1,4-diCO I iT 
+ 6 2 
latent polarity latent polarity JL Br + EtO,C~ 
starts from left starts from right O 
C=O C=O _ umpolung synthetic normal synthetic 
(nonsuperimposable latent polarities) equivalents equivalents 
TM (30) 
O 9, OH 
jb ke 
O 
O O normal synthon umpolung 
Pho OH ph 2 ee OH 1,2-diCO I eyaunen 
O O - 
latent polarity latent polarity + é 
starts from left starts from right Ph-\Cl CN 
C=O C=O normal synthetic |§ umpolung synthetic 
(nonsuperimposable latent polarities) equivalents equivalent 
TM (381) O a 
) 
+ 
pho i? 
umpolung synthon normal 
i Ph pi ~—-Ph synthon 
Phony Ph he 1,2-diCO I Il 
re) 
latent polarity latent polarity o lee 
starts from starts from HO CN O 
C=O C—OH umplung synthetic : 
(nonsuperimposable latent polarities) equivalent poem Byminerc 
equivalent 


TM (32) 
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Illogical electrophiles and illogical nucleophiles When a bond of a TM is disconnected, two 
synthons are obtained which are ions either electrophilic or nucleophilic. If the normal 
polarity in a synthon is preserved, it is called a natural or normal synthon and the 
corresponding synthetic equivalent is called a natural or normal synthetic equivalent. On 
the other hand, if the normal polarity is reversed, the synthon is called an unnatural or 
illogical synthon and the corresponding synthetic equivalent is called illogical synthetic 
equivalent. The electrophilic illogical synthetic equivalents are generally designated as 
illogical electrophiles and the nucleophilic illogical synthetic equivalents are generally 
designated as illogical nucleophiles. All illogical synthons are also called wmpolung 
synthons and all illogical synthetic equivalents are called umpolung synthetic equivalents 
or reagents. 


Examples of illogical (unnatural) electrophiles: 


i) = 
: Zi AB, Hc=c—*" 
Illogical synthon Bromoacetone Propargyl bromide 
(electrophilic) N y 


\y 


Illogical synthetic equivalents (electrophilic) 
or illogical electrophiles 


The a-carbon atom of a carbonyl compound is normally nucleophilic 


ye <> , . The a-carbon atom in bromoacetone is electrophilic in nature. 


The polarity is, therefore, reversed. So, bromoacetone is an illogical electrophile. 
Since the ethynyl group (HC=C—) is the FGI of the acetyl group (CH,CO—), 
propargyl bromide may also be considered as an illogical electrophile. 


: OH _ Q 
(ii) oi _ PaaS 
Ilogical synthon Illogical synthetic 
(electrophilic) equivalent (electrophilic) 


or illogical electrophile 
cOH °OH 
The a carbon atom of enol is normally nucleophilic As <> J, |. The epoxy 


carbon is highly electrophilic. The polarity, is, therefore, reversed in epoxide. 
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Examples of illogical (unnatural) nucleophiles: 


(i) 


(ii) 


(111) 


(iv) 


Je ~ C 
> a 


5 
Illogical synthon Illogical synthetic 
(nucleophilic) equivalent (nucleophilic) 
or illogical nucleophile 


cS) 
The synthon CH,CO is illogical since the carbonyl carbon bears a negative charge 


in spite of being doubly-bonded to a more electronegative O atom c=0 <> 0-6), 
However, the same carbonyl carbon becomes nucleophilic, 1.e., the polarity is 
reversed when an aldehyde is converted to a cyclic thioacetal (a dithiane derivative) 
and the thioacetal is treated with a base (which abstracts the hydrogen of the 
—CHO group). 


g - an: 
CoH 
Ilogical synthon Illogical synthetic 
(nucleophilic) equivalent (nucleophilic) 


or illogical nucleophile 


) 
The synthon COOH is illogical since the carbon bears a negative charge in spite of 
being bonded to two more electronegative oxygen atoms. However, it is nucleophilic 


cS) 
in :CN, i.e., the polarity is reversed. 


OEt BrZn. OEt 
°} an = ie eke ad 
O O 
Illogical synthon Illogical synthetic 
(nucleophilic) equivalent (nucleophilic) 


or illogical nucleophile 
The fPcarbon atom with respect to C=O is_ usually electrophilic 
ZZ OEt OEt dh. oe 
solic’ <> ——e . In the Reformatsky reagent, it is nucleophilic, 
O O 
i.e., the polarity is reversed. 


oT = a LF 


O OMe 
Ilogical synthon Ilogical synthetic 
(nucleophilic) equivalent (nucleophilic) 


or illogical nucleophile 
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The carbon atom B to C=O is usually electrophilic c's << oN ; 
O 0° 


The lithium salt is the corresponding illogical nucleophile because the 
—CH,CH=C(OMe)Me moiety is the FGI of the —CH,CH,COCHsS group. This can 


be shown as follows: 


o ® 
ye ie OMe 
Co wt 
a HCOOH, _ = (OH, | = 
—CH,CH 5 ae ae CH,CH,C Me “——+> CB Me 
An enol ether @ ®OH, 


HOMe 
—CH,CH,COMe <2 <\-CH2CH2C—Me a —CH,0#,6—Me at 
HL0® Co_H 
Syntheses involving umpolung synthetic equivalents or umpolung reagents are called 
umpolung syntheses. 
Examples of illogical two-group disconnections 


(a) 1,2-di0 disconnection 
1. Retrosynthetic analysis 


O 
1,2-diO 
prt. coon 222, or +O = & 
Me OH 
TM (33) illogical or illogical or 
umpolung umpolung 
synthon reagent 
Synthesis 
O HO. CN 
HCN H,0*, 
phe cH, > Ph <cH,~ > TM (33) 
2. Retrosynthetic analysis 
O O O ) 
Me 1,2 diO = C= 
M Me eae Me Me * oN Me= ‘C=CMe 
. OH illogical illogical 


synthon reagent 
TM (34) 
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Synthesis 
H 
we 
Me M we . 
NaNHo2 e C — dil. H2SO, 
wero HC=CH —iNH,” Me Hgeoy, 7) 
OH 
3. Retrosynthetic analysis 
O OH g 
FGI 1,2-diO 
————e ———— —— 9 
a“ ad 7” 
O O 
TM (35) 
Synthesis 
O OH 
SE lee 
pe ese ae CrOyPy_, 
HGpai ==” i Sy bot ge 2. 1, TM (35) 
(b) 1,4-di0 disconnection 
1. Retrosynthetic analysis 
O O i) 
AL s2 40H 1ence. JL + = CH,COOH 
1 5 Cc @® 
| illogical 
O synthon 
TM (36) I I 
O 
JL Br CH,(CO.Et), 
illogical 
reagent 
Synthesis 
O COEt 
O dil == 
CH,(CO;Et), co,kt {S28 Tw (36) 


a oe 


. oo 
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2. Retrosynthetic analysis 


O 1,4-diCO O ° 
, + 
ASN —S> pe Bia 
O illogical 
TM (37) ayatnon 


B 
"\CH;-C=CH — EtO0,C 7 
) 


illogical 
reagent 
Synthesis 
O 1. NaOEt O 1.dilKOH. O 
—________> > 
JL co.Et & HC=CCH,Br C 2. H,0°® PFs Cc 
SCH 3.4 ScH 
EAA CO,Et 
H;0°® 
2+ 
TM (37) _ He 
3. Retrosynthetic analysis 
O O 
illogical 
TM (38) synthon 
ll I 
O O 
/ \ BrZn eee OFt 
illogical 
reagent 
Synthesis 


O 


O Brén~ HL Gn, O ee 
/\ sp ?-~«Bréno Ss cee. én TMS) 
'N 


Donor and acceptor synthons A negatively polarized synthon in called a donor synthon 
(given the symbol ‘d’) and a positively polarized synthon is called an acceptor synthon 
(given the symbol ‘a’). Classification of synthons can be made according to where the 
functional group is present in relation to the reactive site. For example, the synthon (JD), 
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which corresponds to an aldehyde, is called an a! synthon and this is because it is an 
acceptor that carries a functional group on the same carbon as its reactive centre. The 
synthon (II) is a d” synthon because it is a donor whose reacting site is at the 2-position 
relative to the C=O group. The synthons corresponding to an epoxide (III), a Michael 
acceptor (IV), cyanide ion (V) and the Reformatsky reagent (VI) can be classified as a”, a®, 


d', and d® synthones, respectively. 


OH 0 OH 0 0 
Re Rose Rte RDS Kom = 8 count 
(I) (ID) (IIT) (IV) (V) (VI) 


al synthon d?synthon a?synthon a’synthon d'!synthon  d?synthon 


O NR, Q O Q 
ROSH RS eas ROS a ey OEE 
or 
’ 
Ry 
CO,Et 


It is easy to design the synthesis of 1,3 and 1,5-difunctionalised compounds compared to 
1,2- and 1,4-difunctionalised compounds. This can be explained on the basis of the type 
of synthon obtained on disconnection of such compounds. 1,3- and 1,5-difunctionalized 
compounds arise from a! + d” or from a° + d? combinations. These strategies correspond to 
the ‘natural reactivity of carbonyl compounds [alternating donor and acceptor properties 
along the chain) and therefore, require natural synthons. On the other hand, 1,2- and 
1,4-difunctionalized compounds arise from d! + a®, a! + d?, d? +a” and a? + d‘ combinations. 
Therefore, these strategies required one natural synthon and one with umpolung (illogical) 
and these strategies are actually more difficult to realise with the common reagents. For 
this reason, it is easier to design the synthesis of 1,3- and 1,5-difunctionalized compounds 
compared to 1,2- and 1,3-difunctionalized compounds. 


3.1.10.5 Reconnection: Synthesis of 1,6-difunctionalised Compounds 


Reconnection is the usual strategy for synthesizing 1,6-difunctionalised compounds since 
the cyclohexenes required for the oxidative cleavage can easily be prepared. The most 
important way to make cyclohexenes is by the Diels-Alder reaction and this opens up 
a wide field of 1,6-dicarbonyl products. Reconnection strategy is also applicable in the 
synthesis of hydroxy esters. 
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Some examples of synthesising 1,6-difunctionalised compounds following reconnection 
strategy are given below: 
1. Retrosynthetic analysis 


H H H H 
a, B reconnect FGI EtO,C 
EtO.C 
\[p-a 
TM (39) ey pia 
+ 
EtO,C Z 
Synthesis 
A successful synthesis by this route actually uses maleic anhydride as the 
dienophile. 
fo) o H HOH 


fe) J+ +o 


> 

= 

Zl 3 

: 

je) 
on 


2 H 
Maleic anhy- H OH 
dride H 7 H 
Cyclizati 
TM (39)<——"""_|o | _NalOs og OH, 0004 
spontaneously) CHO 
H | H 


2. Retrosynthetic analysis 


H OMe 


a = 


a 
ull an 
eo) 


(sn 


reconnect FGI ee 
: O 
E reduction z 
= 20 
H OMe H H H 
|[p-a 
TM (40) 
O 
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Synthesis 


O 


eo 


O 


I 
l 
@) 


FT titi 


3. Retrosynthetic analysis 


O 
SA O reconnect B—V FGI 
ct- <7. ——_> —_ > = = 
oxidation 
OH TM (41) ON, 
O 
1D SO 
——=_> 
reduction 
OH OH 


Synthesis 


__H/Ni_ i separate __CrO, y 
> 
Afenesante ~~ oinaies. ones 
TM (41) <2Oct Li Oct ti x3 MCPBA 


4. Retrosynthetic analysis 


Hojo reconnect ee D—A C+ | 
TM (42) 
[Fo 


OH OH 
FGI 
— 
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Synthesis 


“200°C 1.0; 
e+e > “gealed tube” tube C 85> 2. Hy “9, 1,0," TM (42) 


OH 


H,/Pt H3PO,4 1.03 
on O) atte “Mpressure > AS pa. (- CuO) 2.H,O, TM (42) 


3.1.11 Amine Synthesis 


A problem which is to be faced during the synthesis of amines is that the product of 
the reaction is usually more reactive than the starting material and so, it reacts further 
with the alkyl halide, i.e., there is a possibility of polyalkylation. Therefore, the C—X 
disconnection used for ethers, sulphides, etc. is not satisfactory. 


Retrosynthetic analysis 


R—NH-Me => RNH, + Mel (not useful) 


Synthesis 
® ) 
RNH, —35-> RNHMe —4gy> RNMe, ““'> RNMegl 
1° amine aD 2° amine 3° amine 


It is no use adding only one equivalent of Mel since the initially formed 2° amine completes 
with the 1° amine for Mel (because of electron-releasing +I effect, the N atom in 2° amine 
is more electron rich and hence, nucleophilic). 


When electrophiles are used, they, unlike alkyl halides, give relatively unreactive products 
with amines. Acyl halides, aldehydes and ketones are the best examples. The products, 
amides and imines, can easily be reduced to amines. The imine route involving ketones is 
suitable for branched chain amines. An initial FGI, is, therefore, required before the C—N 
disconnection. For example: 

(i) Retrosynthetic analysis 


O 
a \ a —————— FG. whee —™. NH + a 
H =e SS 2 
TM (1) 


A 2° amine 
Synthesis 


O 


NH, + ok HCl y ana — STRAT ae i 
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(ii) Retrosynthetic analysis 


H 
FGI = 
Ny PL, Sy SS, Se 0K 
H reduction imine 
TM (2) 

This approach is known as reductive amination. 

Synthesis 
H 

ies ee oe. Ht cat. ~<a Ne NaBH, or NaCNBH; > TM(2) 
2 O or H,/cat. 


Synthesis of primary amines 
1. Primary amines can be prepared in a one-step reductive amination in which the 
unstable imine is not isolated. For example 
Retrosynthetic analysis 


Me Me Me 
Et Et 


imine Et! 
TM (3) 
Synthesis 
Me NH. [Me Ha, cat 
ne CHO) : Was or NaCNBH, > TM (3) 


2. Unbranched primary amines are usually made by reduction of cyanides. This 
procedure is very suitable for benzylic amines since aryl cyanides can be prepared 
easily from diazonium salts and for homologous amines since CN® ion (a good 
nucleophile) reacts easily with benzyl halides. In this case, the disconnection 
requires a preliminary FGI which is reasonable one because the reduction of —CN 
—~ —CH,NH,j is quite reliable. For example 
Retrosynthetic analysis 


oa @® 
Ph CH,NH, ===> Ph{CN ==> Ph—N, + CN® 
TM (4) 
Synthesis 
NaNO,/HCl ®  CuCN H,/Pd—C 


Ph—NH, — 0950? Ph—No» —— > Ph—CN — qe TM (4) 
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3. Branched chain primary amines can be prepared through the formation of 
ketooximes followed by their reduction. For example: 
Retrosynthetic analysis 


FGI a on __C-—N_, 
>- NEL reduction ane =o 
TM (5) 
Synthesis 


; NH,OH-HC1 > LiAlH, 
—_— 
Ooa —"NaOAa x or Hp, cat. TM (5) 


4. A 3° alkyl group containing primary amine can be prepared by alkylation followed 
by reduction of the aliphatic nitro compound. Another method involves the Ritter 
reaction followed by hydrolysis of the resulting amide. For example: 
Retrosynthetic analysis (I) 


FGI 1,2 C—C 
~~ Ni icon” Sy NOz ———— Mel+ as 
TM (6) | 
1,2 C—C 


_~_ Br + CH;NO, @2== —~5~Nno, + EtBr 


Synthesis 
i) 
cHi,NO, EOE > No, 19H > >No, LOH >< y—-Nov Bo mM 


Retrosynthetic analysis (ID) 


Nae a ~~  NHCOCHS saimer? ‘Ritter’ =? Ty OW 


TM (6) 
Synthesis 


yn > Sp?  NHCOCH, SS OHO 5 my 6) 


Mechanism of ‘Ritter reaction’: 


<< 23 = 
R,C—OH > r,0-COH, 22> R,6~R=oMes R.c —N=C—Me 


A 3° alcohol HO: 


RyC—-NH—C—Me <tautom.. RyC—-N=C—Me <-H"_ R,C-N=C—Me 
O OH °OH, 


a aaah ieee 
5. Primary amines may also be prepared by the reduction of azide. the azide ion, NP 
, acts as a reagent for NH§,, so that the disconnection is the normal one for C—X 
bond. 
For example: 
Retrosynthetic analysis 


C.Hs—NH» ——— CH;-—Ns —o Nn, C.HsBr + N§ 


subst. 
TM (7) 
Synthesis 
NaN LiAIH 
CH3CH,—Br —3°> CH3CH,—N3 ap an? TM (7) 


6. Although sodamide (NaNH,) is commercially available, NH¥ is very basic and 
therefore, takes up a proton, i.e., causes an elimination reaction, instead of 
displacing a halide ion by S,2. The stable potassium salt of phthalimide (obtained 
from phthatic anhydride) can act as a reagent for NH§. The anion can react only 
once with the alkyl halide (S,2) forming the substituted phthalimide which can be 
cleaved smoothly by hydrazine to produce the 1° amine. For example: 
Retrosynthetic analysis 


O O 
ime 2@ 
C.H;—NH, => NfC,H; => @ NK + C)H;Br 
TM (8) O O 
| 
O vi 
FGI a 
0 Sey, 
O O 
Synthesis 
NH KOH ©@® CH; Br 
Cp fe or ue? Oye EtOH oe 3.2 
O O 
O O 


Baked ate tea encetenstneecta nora aisne adie enaunaneanannaiecee Omg i ye oneal. 
3.1.12 Protection-Deprotection Strategy (Alcohols, Amines, Carbonyl Compounds, 
Carboxylic Acids) 


During synthesis of compounds, it is frequently necessary to carry out a transformation 
at one functional group while another reactive functional group remains unchanged. Two 
techniques are generally used to achieve this purpose. These are as follows (i) careful 
choice of a selective reagent and/or reaction conditions and (ii) temporary modification 
of the functional group at which the reaction is not desirable in such a manner that it 
remains unaffected during the reaction at the other functional group and may then be 
easily brought back to its original form. The group modifying the functional group is 
known as the protecting group. For example: 

Gi) If we want to carry out a nitration reaction on aniline to get p-nitroaniline, we 
cannot carry out the reaction directly on aniline and this is because the reaction 
leads to the formation of undesirable products owing to the powerful activating 
effect of and coordination of a proton to the —NH, group. Therefore, it requires 
to protect the amino group before nitration. When the nitration reaction is 
completed, the -NH, group is deprotected. In this nitration reaction, the amino 
group is protected by converting it to an amide by acetylation and deprotected by 
hydrolyzing p-nitroacetanilide to yield the desired p-nitroaniline. 


NH, ae NHCOCH, NHCOCH3; NHCOCH3 
CHz ‘Cl conc. HNO; NO, 
pyridine conc. H,SO, = 

Aniline "?°  Acetanilide NO, (trace) 
(the—NH, group is 
protected) ee) 
NH, 
1. dil. H,SO, 


2. dil. NaOH 


NO, 
p-Nitroaniline 
(ii) The B-ketoester (I) cannot be converted to the B-hydroxy-ketone (II) by allowing it 
to react with phenylmagnesium bromide and this is because PhMgBr reacts with 
the more reactive (‘c=o) group rather than the less reactive -CO,Et group to 
yield the B-hydroxyester (IID). 


i ode L oT Pe 
2 PhMgBr PhMgBr 
C—Ph < CC =. Ch C. 52% 
ae \cHy Ph cHY ‘cHY ort 7 \cHy ort 
(II) (D (IID) 


(not obtained) 
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The desired alcohol (II) can, however, be prepared by protecting the (‘c=o) group as an 
acetal, i.e., an acetal (dioxolane) protecting group is to be used in this case. 


O O lan 0 O O O aa 
I I HO OH Nigh l 1.2 PhMgBr ea 
H® 2. aq. NH,Cl 
cHy ‘cHY ‘ort cHy ‘cHy ‘ort cHy ‘cHY Son 
(I) (the C=O group is 
protected) H,0° 
0 OH 
I | 
ae ee af Ph 


(ID 


The first step puts the protecting on to the more reactive (electrophilic) ketone carbonyl, 
making it no longer reactive towards nucleophilic addition. In the next step, Grignard adds 
to the ester group, and finally the keto group is deprotected by acid-catalyzed hydrolysis 
of the acetal. It is to be noted that an acetal is an ideal choice here because acetals are 
stable to base (the conditions of the Grignard reaction involving the strong base R°), but 
are readily cleaved by aqueous acid. 


An ideal protecting group must have the following characteristics: 
(i) it should be introduced under mild conditions and the yield of the product should 
be high; 
(ii) it should be stable under the reaction conditions required for carrying out 
transformation at the other functional group; and 
Gi) it should be removed easily under mild conditions. 


1. Protection and deprotection of alcohols Some important protecting groups for alcohols 
including 1,2- and 1,3-diols are discussed below: 


(a) Formation of ethers Certain ethers, which are easily cleaved under mild conditions, are 
commonly used as protecting groups for alcohols, e.g. benzyl ethers which are converted to 
alcohols under neutral conditions by catalytic hydrogenolysis and t-butyl ethers which are 
readily removed by treatment with HCl, HBr or CF,COOH. 


PhCH,Cl, pyridine Rw EO H., Pd/C 
ROH (Protection) me O Ph (Deprotection) 
Benzyl ether (ROBn) 
stable to base, mild 
acid, oxidation, and 
reduction 


H >-—OH seo: H® > R-O* H,0® 


(Protection) (Deprotection) 


ROH 


RO ROH 
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It is triphenylmethy] (‘trityl’) ether which is the most important for the protection of 1° 
alcoholic group. Only 1° alcohols react at useful rate with trityl chloride in pyridine and 
so, selective protection of primary hydroxyl group is possible. This is an Sy1 reaction with 
an enormous electrophile — so big that goes on primary alcohols only. The trityl group 
offers good resistance to bases but is easily removed by treatment of acids like CF,CO,H 
or HCO,H. 


Ph;CCl, pyridine 
(Protection) 


CF3;CO,H or HCO,H 
(Deprotection) 


RCH,OH > RCH,OCPh,; > RCH,OH 

(b) Formation of silyl ethers The ethers formed by treatment of alcohols with trialkyl 
silyl halides and base is specially important in protection of alcohols in protective group 
chemistry. Trimethylsilyl ethers are rather unstable and are easily cleaved by mild acids 
and bases. However, when the methyl groups are replaced by more bulky groups, very 
stable compounds are produced that are highly resistant to strongly acidic and basic 
conditions but are readily removed by treatment with fluoride ion. A convenient source of 
F° ion for this purpose is tetra-n-butylammonium fluoride (Bu,NF or TBAF). Examples of 
some bulky trialkylsilyl protecting groups are given below: 


Y Y is 


Si Si Si 
R—-0”% \ R—0” wg R—O” \\Ph 
t-Butyldimethylsilyl ether Triisopropylsilyl ether ¢-Butyldiphenylsilyl ether 
(R—OTBDMS) (R—OTIPS) (R—OTBDPS) 
u 
Me,CCMe,SiCl ia Bu,N°F° 
ROH (Eroteetion) R—O ~ qeprstsctaa ROH 
Protected 
alcohol 


Mechanism of deprotection: 


() 
HF i ar aw ROH + Bu,NOH+__Si 
RO” \\-HAO/THF ” ds == + Duy SAN 
<OR 
\u-Con 


F® attacks a vacant 3d orbital of silicon, giving an intermediate pentacoordinated anion. 
The intermediate then dissociates to gives an alcohol. 


(c) Formation of acetals Acetals not only serve as useful protecting groups for aldehydes 
and ketones but they also find widespread use in the protection of alcohols. The commonly 
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used acetals include tetrahydropyranyl (THP) derivatives (obtained when an alcohol is 
allowed to react with dihydropyran in the presence of acid catalyst), methoxyethoxymethyl 
(MEM) derivative (obtained when an alcohol is allowed to react with methoxyethoxymethyl 
chloride under basic conditions) and methoxymethyl (MOM) derivative (prepared by the 
reaction of an alcohol with methoxymethyl chloride under basic condtions). While the 
THP and MOM groups are removed by treating with dilute acid, the MEM group is stable 
under these conditions but is removed by a Lewis acid (TiCl, or ZnBry). 


ou 
. : H°/H,O 
G) ROH (Protection) DO Meneiesiaa ROH 
RO O 
Mechanism of protection: 


Mechanism of deprotection: 


a 


QO OR Q @OR O O 
H L 
no Che Gla Ch OL 
en eee = @ 
OH CHO OH SO? OD (OH O ~OH O ~OH, 
y H 
- Cl-™0-— , NaH NN H,0® 
> 
Gi) CHO (Protection) > RO O (Deprotection) ROH 
Methoxymethyl (MOM) 
ether: stable to 
oxidation, reduction 
and base. 
O. O. ) 
ine Cl“ 07 OS ROS H;0 
> 
Gii) ROH pyridine > RO O (Deprotection) ROH 


(Protection) Methoxyethoxy methyl (MEM) 


ether: stable to oxidation, 

reduction and base 
Protecting groups for 1,2- and 1,3-diols Cis-1,2,-diols and cis- and trans-1,3-diols can be 
well protected as cyclic acetals (e.g., 1,3-dioxolanes or 1,3-dioxanes) or cyclic orthoesters 
that can be smoothly cleaved by acidic hydrolysis, or as cyclic esters (e.g., carbonates and 
boronates) that are cleaved by basic hydrolysis. For example, a key step in a synthesis 
of vitamin C involves selective oxidation of a primary alcoholic group of L-sorbose. To 
achieve this, all but one of the hydroxyl groups are protected by conversion to a double 
isopropylidene acetal. 
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Me Me 
bg 
H /H\_ oH 5 H OA oO 
_ H 
+ MexC=O (Protection) H O + H,0 
HOH,C Me O—H.C CH,OH 
; ‘NC O 4H 
This group is PA 
L-Sorbose to be oxidised Me 
selectively 1. KMn0,/OHSA 
[Ol | 9 H,0°® 
a ie 
\ 
H FA oH P H O\/ 6 
H HO ae H O 
| eprotection) 
HOH,C GOH Me O—H.C CO.H 
OH H be O H 
Me 


Benzaldehyde, acetone and cyclohexanone are the common carbonyl compounds used 
for the preparation of acetals. Triethyl or trimethyl orthoformate in the presence of acid 
catalyst is used to prepare cyclic ortho esters and phosgene in the presence of a base is 
used to prepare cyclic carbonates. 


(d) Formation of esters Esterification is the final important way to protect an alcohol. 
The groups are easily introduced by allowing alcohols to react with the appropriate acyl 
chloride or anhydride in the presence of base and are stable under a variety of conditions. 
They can be removed by hydrolysis in basic medium. The most useful esters for protecting 
alcohols are given below: 


i 
a 
(i) Acetate esters: CH3 O—R 


O 
Pyridine | K,CO;/aq. MeOH 
ROH + Ac,O or CH3COCI1 (Protection) aN (enrotaeuion) > ROH 
CH{ OR 
an 
Gi) Trifluoroacetate esters: F3C OR 
idi 
ROH + F,CCOCI Pyridine NH,/EtOH , CHCl, > ROH 


(Protection) (Deprotection) 
Fc’ Sor 
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C 
(ii) Pivaloate esters: Me,C” Nor 


Pyridine | | NaOH 


ROH + MesCCOCI (Protection) er Ge (Deprotection) > ROH 
I 
aX 
(iv) Benzoate esters: Ph OR 
I 
Pyridine NaOH or Et3N 
ROH + PhCOCl (Protection) fo oN Dennis) > ROH 
Ph OR 
Me 
(v) 2,4,6-Trimethylbenzoate esters: Me -<G)-coor 
Me 
Me fp. - Me as 
pyridine L 
ROH + Me—Oy-c¢ Serra Meco “Deprotectiony > ROH 
Me Cl Me 


2. Protection and deprotection of amines Because amines compete so effectively for 
electrophiles, it can be very difficult to handle molecules with free amino group, both from 
the point of view of reactivity and ease of purification. Therefore, a good plan is to keep the 
amine in a protected form to avoid unwanted reactions. It can be done by quarternisation 
or by bringing the lone pair into conjugation with a m-system. The methods generally 
employed for protection and deprotection of amines are as follows: 


(a) N-alkylation This is perhaps the simplest approach for protection of amines. The 
most commonly used groups are N-benzyl, triphenylmethy] (trityl) and allyl, which are all 
introduced by reaction with appropriate halide in the presence of a base. Debenzylation 
can be effected with Na/NH,(1) or by catalytic transfer hydrogenation using Pd—C and 
HCOOH as the hydrogen source. Removal of N-trityl group can be achieved with sodium 
in liquid NHs, acid hydrolysis or catalytic hydrogenation and the N-allyl group can be 
removed by rhodium catalysed isomerization to the enamine followed by acid hydrolysis. 


(b) N-acylation An amine can be converted to an amide by acylation with a suitable 
acyl chloride or anhydride. The most commonly used groups of this type are N-acetyl, 
N-trifluroacetyl, and N-benzoyl; these effectively suppress the basic character of the 
amine function and reduce the nucelophilicity of nitrogen. Among these three groups, 
N-trifluoroacetylis removed most easily, for example by treatment with sodium bicarbonate 
solution. Removal of the acetyl group requires treatment with HCl or hydrazine, while an 


Serie ere ane ok edie cpus isttee dregeana eset aie es Cganie she risuy: o Madea nniede 
N-benzoyl group is very difficult to remove and it requires treatment with moderately 
concentrated HCl or HBr in acetic acid. When protection of both amino hydrogens of a 
primary amine is required, a very robust protecting group is the phthaloyl derivative. This 
can be introduced by heating a primary amine with phthalic anhydride or by an exchange 
reaction with N-ethoxycarbonyl phthalimide and sodium carbonate. The group can be 
removed simply by treatment with hydrazine hydrate (NH,NH, - H,O). 


9) ) 
OK or OL} cones Na,CO, O O 
O O re 


NH,-NH,-H,O NH 
= — | 
(Protection) N—R (Deprotection) R NH, . 


R—NH, 


O O 


(c) Formation of carbamates Carbamate protecting groups are by far the most commonly 
used since they offer effective protection under a wide variety of conditions and carry 
less risk of racemization than the acyl group. The groups can be smoothly introduced by 
treating with the appropriate chloroformate under basic conditions. An exception is the 


t-butoxycarbony]l or Boc group (CO,CMC-;) for which either di-t-butyl dicarbonate or t-butyl 
azidoformate must be used. Carbamic acids (SN—CO5H) being unstable decarboxylate 
spontaneously to regenerate the amine. Therefore, the deprotection methods simply 
require conversion of the OR group into the OH group. Benzyloxycarbonyl or Cbz group 
(CO,CH»Ph) and the Boc group are readily removed by catalytic hydrogenation and 
hydrochloric acid, respectively. 

O 


O 
O70 HCl < 
R—NH, (Protection) > RNH Ge (Deprotection) RNH RNH, 


iP 


nik O [ O | 
“<—~_Cl-4~O~ Ph, base Hp, Pd—C 4 -CO 
R—NH, (Protection) > RNH < aeptetiian) RNH : RNH» 
O-~>Ph OH| 


3. Protection and deprotection of aldehydes and ketones During synthetic processes, the 
protection of a carbonyl group is usually required to prevent attack by various reagents 
such as strong or moderately strong nucleophiles including organometallic reagents, 
acidic or basic catalysts, hydride reducing agents and some oxidizing agents. Since the 
reactivity order of the carbonyl group is aldehyde (aliphatic > aromatic) > acyclic ketones 
and cyclohexanones > cyclopentanones > a,$-unsaturated ketones >> aromatic ketones, it 
may be possible to protect a more reactive carbonyl group selectively in the presence of a 
less reactive one. The acyclic or cyclic acetals and acyclic or cyclic thioacetals are the most 
useful protecting groups for carbonyl compounds. The protecting group is to be introduced 
by treating the carbonyl compound with an alcohol or a diol in the presence of acid 
catalyst or with a thiol or dithiol and boron trifluoride etherate. Cyclic and acyclic acetals 
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are stable to aqueous and monaqueous bases, to nucleophiles including organometallic 
reagents, and to hydride donors. The carbonyl group can be regenerated from acetals by 
acid hydrolysis and from thioacetals by HgCl./CdCOs or by refluxing an aqueous alcoholic 
solution containing HgSO, and H,SO,. 


O O 
HOL_~ JX © 
eke 2 OH, H30 1 J 2 
— 
R R cat. TsOH Q 0 (Deprotection) R R 
(Protection) R! R? 
Acetal 


O O 
HgCl,/CdCOs, aq. acetone 
elle. 9 BSS BF3:Et,0 . ¢ \ or HgSO,/dil. H,SO,4 ial. 2 
R R >S S$ >R R 
(Protection) >< 
R} Ke 


Thioacetal 


4. Protection and deprotection of carboxylic acids The useful method employed for protection 
and deprotection of carboxyl group are as follows: 


(a) Formation of esters The hydroxyl group of a carboxylic acid can be protected in the same 
way as that ofan alcohol by alkylation which results in formation of an ester. Esterification 
can be readily achieved by treatment with the appropriate alcohol and an acid catalyst 
although milder conditions involving diazomethane (CH,N,) to form methyl esters can also 
be used. Simple alkyl esters (methyl or ethyl) generally serve the purpose. However, if it 
requires to protect against nucleophilic attack by organometallic reagents or the substrate 
is very much complex that ester cleavage has to be unambiguous and then special esters 
will be required. tert-Butyl and benzyl esters are the most commonly used special esters. 
The tert-butyl group offers moderate protection against nucleophilic attack and is readily 
removed by acidic hydrolysis (A,;,1 mechanism involving tert-butyl cation). The benzyl 
group is usually removed by hydrogenation. The MOM, MTM, MEM and various silyl 
esters have also been used. One group of particular value is the 2,2,2-trichloroethyl ester, 
RCO.jCH.CCls, which is removed under mild conditions by reduction with zinc in ACOH. 


O O O 
3 Ee JAN H,0° pe : 
R OH + HO ( (Protection) >R O ( Ween > R OH + HO 
aN H® ao H,/Pd—C > 
R OH + HO Ph (Protection) R O Ph (Deprotection) R OH + CH;Ph 


(Deprotection) 


L as . aL r L 
R~ “OH + HO cl," —>R-™o Gi es ee SO CHICC! 
(Protection) 3 3 
Cl Cl 
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(b) Formation of ortho ester While conventional esters protect the COOH group against 
deprotection with common bases, they do not offer any protection against nucleophilic 
attack by organometallic reagents or against enolate formation with strong bases. An 
important way of achieving this is to form the bicyclic ester, normally referred to as OBO 
ester, by treating the acid chloride with the oxetane alcohol (1) to give the simple ester and 
converting this into ortho ester (2) by treatment with BF,-etherate. Although the OBO 
ester is stable towards organolithium and Grignard reagents, it can be easily removed by 
treatment with mild acid followed by mild base. 


O 
ae PCI, ae HoT], @ cee BF, -Et,0 


or SOC], Pyridine 


O 
mild base RO NO-<OH mild acid Y 
R O 
(2) 


Some conversions involving use of protective groups 


Me 
Gj) Br ) »-CHO —> << ( »-CHO 
HO 
The —CH(OH)Me group can be introduced para to —CHO simply by a Grignard 


reaction. But the Grignard reagent will react readily with an aldehyde, i.e., with 
itself. For this reason, the —CHO group must be protected. 


MeO OMe MeO OMe MeO OMe 


CHO 
MeOH/H® Mg/ether CH,CHO 
O (Protection) a 4 sus Dm a > 
Br Br MgBr Mé OMgBr Meé 
O O 
CO.Me CH,OH 
(ii) ———-> 


Since the *C=0 group is much more readily reduced than ester group, it is to be 
protected. 


O 


O / \ / \ 
CO.M eg CO.M SS CH,0H CH,OH 
—ran : 
cat. TSOH (Deprotection) 


(Protection) 
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Since MeMgI reacts readily with the active hydrogen containing —OH group, it is 
to be protected. 


O 
O OH Je, OMgI O 
_MeMgl 
(Protection) 
OH OH aq. AcOH or O.1(N)HCI1 
(Deprotection) 
(iv) H,N )—CHO —> H,N CO.H 
Before oxidizing the -CHO group, the —NH, group is to be protected against 
oxidation. 
O 
1. KMn0,/OH® 
+ HN CHO (Protection) - ono 2. ‘24,07 | 
O 


20% HCl or NH,NH,:H,O 
(Deprotection) 


OH OH 
ou oe 


Alkylation of the acetylide ion with the bromo compound is not possible because 
the anion acts as a base and readily deprotonate the hydroxyl group. Because of 
this, the hydroxyl group is to be protected. 


H,N— _)—CO,H< 


oa" a -Bu 


ae i imidazole (a weak base) > 
Br (Protection) r 


are ae -Bu 


OH ar ‘\Me 


Bu,NF or H,O 
aq. Bu,NF or Hs 
BA . (Deprotection) 


\\ 
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Po SOLVED PROBLEMS 


1. Using disconnection approach, outline the synthesis of each of the 
following benzenoid target molecules: 


CH=CH, CO,Et NH, OH 
659 ud* «Sug 
CH; NHCH,CH3 TM (3) TM (4) 

TM (1) TM (2) 
OCH3 CO.H CH3 CHs 
COCH; 

(e) (f OL (g) on (h) OL 
oO NO» OH 
COsH TM (6) TM (7) TM (8) 

TM (5) 


Solution 


(a) Retrosynthetic analysis 
OH 


FGI, O iG, O —— (O) + cHcont 


CHs CHs CH; CHs 
TM (1) Toluene 
Synthesis 
CH; CH; CH; 


CH;COC1 LiAlH, Al Ans TM (1) 
anhy. AIC]; 


COCH3 CHOHCH; 
(b) Retrosynthetic analysis 


O.g_OEt Ox G5 OEt Ov, OH 


C7 


——*_, CH,CH,Br + O —c-0_, ©) + EtOH 
amine ester 


NH-+CH,CH3; NH, NH, 
TM (2) | 
FGI 


CH, CH, 


C—N O FGI @ 
nitration 


Toluene NO, NO, 
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Synthesis 
CH, CO.H CO.H 
ROpiRe, 1. KMn0,/OH® H./Pd 
NO, NO, NH, 


(separated from 
the o-isomer) 


CO,Et 
CH;CH,Br EtOH/H® 
TM (2) < Sue 
NH, 
(c) Retrosynthetic analysis 
NH, NHCOCH, NHCOCH, NHCOCH, 
or FGI om C—Br Oo Cc—S 
and FGA bromination sulphonation 
TM (3) SO3H SO3H [F 
NO, NH, 
O& O-=Od 
————— — 
nitration 
Synthesis 
NHCOCH, 
conc. HNO; 
conc. Sone HBOe Sn/HCl Ac,O conc. H,SO4 
(OC) eas 50-60°C & sas TH” Sto» eglanom Oo sulphonation 
NHCOCH, NHCOCH, 
Br 
dil. H,SO, Bro 
ens <s —— 
TM (3) bromination 
eres 
and hydrolysis SO3H SO3H 
(d) Retrosynthetic analysis 
N,HSO® NH, NO, 


om Oyo Oyo Ohno, 


T™T™ (4) c—| nitration 


3.98 Organic Chemistry: A Modern Approach 


Synthesis 
@ 
NO, NH, N,HSO; 
©) Fuming HNO, OL NH,HS . OL NaNO,,./H,SO, Ol 
2 - - ees 
conc. H,SO. (partial reduction) 0-5°C 
ne NO, NO, NO, 
OH 
NO, o 


(e) Retrosynthetic analysis 


OCH; OCHs3 OC O+CH3; ONa 

O-+O Oi ate OSS outs © 
romination 

o~~oH MgBr [rs 

TM (5) SO3H 


(O) ape 
sulphonation 
Synthesis 

SO3H ONa 


OCHs 
conc. cone. HpSO4 _NaOH; fused . fused CHa! Brg 
— soc 300° — 3000 a ae AcOH 
OCH OCH OCH 
7H) LO te LOT eatig KOT 
o ~ Bille ether Br 


OMgBr 
(f) Retrosynthetic analysis 
CO.H CO.H CH; 
C—N FGI C—C 
NO, nitration F—C 
TM (6) 
Synthesis 


CH, CO,H 


_CHsI 1. KMn0,/OH® A _cone. HNOs my (6) 
“AICL, ” 2. H,0® conc. fe “cone. H,SO,” 
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(g) Retrosynthetic analysis 


CH; CH, CH, CH; 
COCH3 rca COCH3 o¢ c—C C—C 
on F—C F—C F—C O) + CHal 
TM (7) CMe; CMe; 
Synthesis 
CHs CH3 CH3 
COCH 
CHI (CH3)3CCl CH;COC1 3 AICI,-HCl 
O) AICI, - o AICI, - AlCl, Fiano cee TM (7) 
C(CHs3)s3 C(CHa)s3 
(h) Retrosynthetic analysis 
CH, CH; CH, CH, 
OL FGI FGI FGI 
SS © ——— J ——<——————) @e 
OH N,HSO? NH NO, 
TM (8) 
FGA 
CH; CH; CH; CH; 
C—N FGI FGI 
nitration ju 
NO, NO, NO, 
NHCOCH, NHCOCH, NH, ®N,HSO$ 
FGI | 
CH; CH; CH; 
Oo FGI O C—N oO 
nitration 
NH, NO, 
Synthesis 
CH; CH, CH; 
conc. HNO So/HCl Ac,O _cone. HNO; HNO dil. HpSO4 
o cone. H,SO, om OM a> o cone. aa sor” Olas A 
NH, NHCOCH3, NHCOCH3 
Pee is 
separated) 
CH, CH, CH, 
Bano _SWHCL H;PO NaNO 7 
et O H ee ¢ 2 
ey <poil <o-5°C nO <r EtOH/Warm NO, ae NO, 


cS) NH 
NJHSO} : ®°N,HSO? NH, 
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2. Predict the two possible retrosynthetic pathways for each of the following 
two ketones and comment on the pathway which is expected to be the 
better one in each case. 


Me <a . O O) 
(a) ° (b) oot? 


OMeO TM (10) 
TM (9) 
Solution 
(a) In principle, any bond next to an aromatic ring is to be disconnected. Therefore, the 
two possible disconnections are as follows: 
Retrosynthetic analysis 


Me Me 


Ono" + Ora or” 


OMeO OMe O 
TM (9) 


| 


Me 


NO, 
a+ Or 


OMeO 

The disconnection (b) is not at all effective because the nitro group is m-directing 
and nitrobenzene does not undergo the Friedel—Crafts reaction because the ring is 
considerably deactivated. On the other hand, the disconnection (a) is a very good 
one because it gives an activated ring (both —Me and —-OMe are electron-releasing) 
which undergoes the Friedel-Crafts reaction smoothly. Now, the -OMe group is a 
more powerfully ortho-directing group than —Me and so, it places the acyl group 
ortho to it predominantly. 


Synthesis 
Me 
o * oO ae > TM (9) 
OMe O 
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(b) Retrosynthetic analysis 


Or Sore CO. Sat SO 


An alkyl halide TM (10) An activated 
benzene ring 


Between these two possible disconnections (a) is relatively better as it gives an acyl 
rather than an alkyl halide (which is difficult to prepare from the corresponding 
ketone because the activated ring, due to two directly attached oxygens, may also 
undergo bromination) and an activated benzene ring. Hence, the disconnection (a) 
is better for the synthesis of this target molecule. 


Synthesis 
O 
O. ILO 
<5) -Cl Anhy. AlCl, 


3. Outline the _ retrosynthetic analysis (involving one-group C—X 
disconnection) and the designed synthesis of the following target 


TM (10) 


molecules: 
O NH: CH; 
(a) CHy=CH—C—NHCHs3 (b) HO O 
TM (11) TM (12) 
O O 
CO,H Ph 
TM (13) 7 
TM (14) 
° I 
(e) Cl NH (f) CHg OC2Hs 
TM (15) TM (16) 
Solution 
(a) Retrosynthetic analysis 
T i 
CH,=CH—C+NHCH, ===> CH,—CH—C—Cl + H,NCH;, 


TM (11) 
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Synthesis 


CH,=CH—C—Cl + — TM (11) + CH;NH,Cl 


NH, CH3 CH 
ae O) ed “ae a moe Ld = - 1 oo 
Oo O 


TM (12) ce Reagent 
[> 
NO, C_N 
itration IO} 
HO ie HO 
Phenol 


The reagent p-aminophenol has two reactive groups; however, amines are far more 
nucleophilic than phenols. Thus, the formation of O-acetylated product is largely 
avoided during the nucleophilic acyl substitution involving either of these reactive 
groups. 

Synthesis 


NO 
SG) > OT ae. iO; 2 be0 5 amg (12) 
HO HO HO 


(the o-isomer is 
separated by 
steam distillation) 


(c) Retrosynthetic analysis 
O 


pe a ——°., Ph oH + a 
TM (13) 


Synthesis 
O 


Ph~ OH + tte _fyridine 5 TM (13) 
Benzyl alcohol Benzoyl chloride 


Mechanism: 


P 0 
Ph~ ~OH X\cl mesma BR PFHCP+ Ph~~O ' 


Substitution 
Py: rH 
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Pyridine may also react with the acyl chloride to form an acyl pyridinium ion, 
an intermediate that is even more reactive towards the nucleophile than the 
acylchloride. 

(d) Retrosynthetic analysis 


O 
OGL “aor + H0-$n 
ester 
CO,H 


TM (14) 


Synthesis 
Phthalic anhydride (a very cheap reagent) is the best acid derivative which is to be 
used in this synthesis. 


O 
O aR TM (14) 
O 


(e) Retrosynthetic analysis 


NH, NO, 
Cl , DoS FGI C—N 
C—N — ee ———— 
Onis Cl + Cl reduction Cl Nitration oD 
TM (15) Cl Cl Cl 
Synthesis 


O 
conc. HNO H./Pd—C ~~ oe 
oD conc. ane SO,” +S or Sn/HCl SO = HC) TM (15) 


(f) een analysis 


) 

| | 

cf b C 

cHy S0--c.H; = CHy~ Cl + C,H;0H 
TM (16) 


lr 
6, 
| 
CN e 
CH Ov + CH3CH»2Br 
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The disconnection (b) between the alkyl group and the heteroatom would need 
an Sy2 reaction between the carboxylate anion (CH;COO°) and an alkyl halide 
(CH,CH,Br). Reactions at the carbonyl group (nucleophilic acyl substitution) 
are much more facile than Sy2 reactions, and therefore, the disconnection (a) is 
preferred. 
Synthesis 


O 


| 
ph Pyridine 
CH; Cl+C,H,OH —=“"°> TM (16) 


Mechanism: 


qj Cj 1 


C ee CL @ 
CH CCENO>> CHy~ tNO)cIPe > CHy~ “e C.H.ce 


' #-NO 
| 


. 2! 
lors CH; ~~OC.H; 
a2 


[It is to be noted that an Sy2 reaction may be highly facile and very fast if the 
substrate possesses special structure that makes the T.S. much more stable (e.g., 
CH,COCH,Cl undergoes Sy2 reaction 10° times faster than CH,Cl).] 

What is called a chemoselective reaction? Comment on the term 
chemoselectivity and give some guidelines for solving the problem of 
chemoselectivity. 


Solution A chemoselective reaction is one in which the reagent reacts specifically with one 
functional group within a molecule leaving other potentially reactive functional group(s) 
unchanged. 


Chemoselectivity is a term coined for the preference of a reagent to react with one functional 
group leaving other functional group(s) unaffected. The problem of chemoselectivity 
arises when a substrate contains two or more reactive groups and one of them requires 
modification. The guidelines for solving this problem are as follows: 


1. 


When a substrate containing two functional groups of unequal reactivity is allowed 
to react with a reagent, the more reactive one reacts alone to give the product. For 
example, in alkaline solution (pH > 10), both of the two groups of p-hydroxybenzoic 
acid undergo ionization. When the salt is allowed to react with an alkyl halide, 
an ether instead of an ester is formed and this is because the phenoxide ion is 
relatively more reactive than the carboxylate ion. 
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S) 
a a \C~ 
OH9H,O N 8 
: Sy2 a © S C >t] 
OH oO 9 


2. The starting compound and the first product will compete for the reagent when 
one functional group can react twice. If the first product is less reactive than 
the starting compound, the reaction can be successfully utilized to solve the 
purpose. For example, benzyl alcohol must react with phosgene once only to yield 
benzyloxycarbonyl chloride, PhCH,OCOCI (used to protect the amino group in 
peptide synthesis). This succeeds since the acid chloride is less reactive than the 
double acid chloride COCl., because of conjugation. 


LL nwt f. 
(O)-cH,01 22s (O)~o Nar Om Cl <> 6° cl 


Benzyl alcohol Benzyloxy carbonyl ~ 
chloride or benzyl The positive character of the carboxyl 
chloroformate carbon is reduced due to conjugation. 


3. One of the two identical functional groups may react if one equivalent of the 
reagent is used. For example, monoalkylation of 1,3-propanediol can be effected in 
good yield by using one equivalent of metallic sodium in xylene. 


HO(CH,);0H —wi“> HO(CH))62 “SS*>  HO(CH,);0CH,CH, 
1,3-Propanediol 1-Ethoxy-3-hydroxypropane 


4. One of the two identical groups may react if the product is less reactive than the 
starting material. For example: 


NO, NH» 
NaHS OL (Partial reduction) 
a 
(i) OL No, MH NO, 
m-Dinitrobenzene m-Nitroaniline 


When m-dinitrobenzene is partially reduced, m-nitroaniline is obtained. 
Reduction involves electron take up by the substrate from the reducing agent. 
Due to presence of an electron-donating —NH, group, the reactivity of the 
product m-nitroaniline compared to the starting compound is decreased. For 
this reason, further reduction does not take place. 

CH3, CO,H 


(ii) cone. HNO;, (Partial oxidation) 


CHz CH; 
m-Xylene m-Toluic acid 
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m-Xylene undergoes partial oxidation to yield m-toluic acid. Oxidation involves 
removal of electrons from the substrate. Due to presence of an electron- 
attracting -COOH group, m-toluic acid is less reactive than m-xylene. As a 
consequence, further oxidation does not take place. 
5. One of the two identical functional groups can be changed by a much reliable 
method in which a derivative is used which can react once only with the reagent. 
A cyclic anhydride is the most important example. One of the two -COOH groups 
of succinic acid can be esterified via its cyclic anhydride. Alcohols react with the 
anhydride to yield an acid-ester which is no longer reactive. 


O O 
aie Ac,O O MeOH as 
(-H,0) OH 
CO.H 


Succinic acid O O 
Succinic Monomethy] succinate 
anhydride (an acid-ester) 


6. When the approach of the reagent to one of the two identical functional groups 
is sterically hindered, then the other functional group reacts preferentially. For 
example, in the following dicarboxylic acid, the -COOH group flanked by two ethyl 
groups does not undergo esterification because it is sterically congested. 


Et Et 


io anes jon 
Or! 
HO.C Et (esterification) MeO,C Et 


7. Solvent plays an important role to obtain the desired selectivity of a reaction. 
Sodium borohydride in diglyme, for example, reduces a -CHO group but fails to 
reduce a 2C=0 group. However, in aqueous methanolic medium, it reduces both 
the functional groups. 


O 
NaBH, 
Pag diglyme H6 ~ 
O O 
O 


NaBH 
ae a MeOH/H,O HO 
O OH 


8. The conditions of the reaction (temperature and pressure), the amount of the 
reagent used and the reaction time are also important to obtain desired selectivity. 
For example: 

A ™ 


Peo OH LiAl1H,/Et,0 PhCH=CHCHO LiAIH, (excess) Ph OH 
(the double bond — 10°C;5 min 7 Et,0, 25°C (the double bond 


is not reduced) is reduced) 
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5. Outline the _ retrosynthetic analysis (involving two-group C—X 
disconnection) and the designed synthesis of the following target 


molecules: 
Da O OUCH 
47 ™ 3 
(a) HN CO2H (b) MeO Cl) ome ¢ 
TM (18) Br 
TM (17) TM (19) 
a O O 
% CH,OH 
(d) Me% ~_92 Ph (e) Br CH; (f) ~“N 2 
an ee TM (21) 7 
Cl O TM (22) 
TM (20) 
CH,NH O Cl 
‘ eS 
(g) (CH3)gC—CH,COCH; (h) CH, @ OF 
TM (23) TM (24) S CH,Ph OG O 
; TM (25) 
Solution 
(a) Retrosynthetic analysis 
CH,Ph CH,Ph — PhCH,CHO 
oe iu FGI _ i 1,1-diX ae 
2 CO2H aN”? “CN NH, HCN 
TM (17) 


With cyanide as one ‘heteroatom’ and nitrogen as the other, the disconnection gives 
an aldehyde, ammonia and hydrogen cyanide. 


Synthesis 
(NH,).CO CHPh  .OH/H,0 
4/20U3 a 2 
PhCH,CHO = aie HN 14 — orH,o® > FM (17) 


(b) Retrosynthetic analysis 


OH 
rT ae + HCHO + HCl 


Synthesis 


~~ OH HCHO, HCL, my (18) 
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(c) Retrosynthetic analysis 


O O 
i) 
O./CH3  1,2-4ix Br Ov -CH 
Oy yg 288, a da 
Br ° Br 
TM (19) Umpolung synthetic 
equivalent 
Synthesis 
O 
Br cH,CO,H 
sor “NaHico, > TM (19) 
Br 
(d) Retrosynthetic analysis 
H H 
% Or Ph Ss. Mexz, OH Cl Ph 
“y~ Ar ad a + na 
Cl O 
T™T™ oo 
[ea 
H 
Mex, 
CO. = co. 
Cl 
Synthesis 
H 
Mexz : 
Nam HC! y Resolution Z LiAlH. 
CO,H ~~ > “Y. CO:8 Sages? ithquinne™ quinine COjH ; 
Cl (+) Cl 
(+) 
H 
Mexz 
PhCOCl % 
T™ (20) < idine Gi CH,OH 


(e) Retrosynthetic analysis 


0-0 
on, => a, ya wd oy, tte — Bes Noy 


acetal 3 
TM (21) 
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Synthesis 


fe) up, 2 
r 
wa ~(Michael” Ashen ao TM (21) 


CHs addition) Br 


In this synthesis, we shall need acid Pee as Br® is a very weak nucleophile. 
(f) Retrosynthetic analysis 


3 1 
ZN CH,OH FGI why CO.Me 1,3-diX ~“\ + WN CO.Me 
ey ———)e H —————> NH, ne 


TM (22) 


Synthesis 


H,O LiAIH, 
“\NH nia (Michael” ~~ ~N CO Me ~Ay ” TM (22) 
7 addition) H 


(g) Retrosynthetic analysis 


1,3-diX | 


| 
(CH3)o ag ——>>  (CH3),C—= CH—C—CH; + CH3NH, 
NHCH; 
TM (23) 
Synthesis 


I 
(CH,),C=C—C—CH, o> TM (23) 


(h) Retrosynthetic analysis 


O O 
SCH»2Ph C—S sulphide O + 
,3-diX CH; 
CH. 
TM (24) 
Synthesis 
O 


PhCH,SH 
OL OHYH,O > TM (24) 
CHg3 (Michael addition) 
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(i) Retrosynthetic analysis 


axe KOH H 
N FGI N. 1,2-diX N. 
\ ———= ) ——— ) 4 «OH 
O O O II 
O O O O 
TM (25) 7 
ete —0 


H 
Q = >oH+ Or.” —— Orion 
ZX CO,H CO.H 


Synthesis 


CO.H 
Anthranilic acid 


6. Using disconnection approach, design a suitable synthesis for each of the 
following target molecules: 


‘axe: 
O 
lan Z_\ (excess) OD POC . amy (25) 
O 
O 


Ph Ph O O 
(a) (yon (b) Aa (c) eam 
TM (26) TM (27) Ph TM (28) 
6) 
@ (7 () Ho! (f) o 
TM (29) TM (30) TM (31) 
Me OAc 
| 
(g) Ph-CCOH)C=CH = (h) ~~ __ ~_-OH (i) Pr 
TM (82) TM (83) 
0 a 
as eee 
5 (k) Par a kK 2 
TM (35) TM (37) 


Solution 
(a) Retrosynthetic analysis 


Ph Ph O 
2x 1,1 C—C 
CP son cr OP 5 PAMeBe 


TM (26) 
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The ester contains a double bond in a six-membered ring and the Diels—Alder 
disconnection can be used to get the synthetic equivalents directly 


COZEt p_ CO:Et 
ey ee C+ 


Synthesis 


) O Map 
Yr 
G S 


CO,Et 
a 2 Cy Sone Bates, PHAMgBr, ok . an 
ae 


ane 


~P 
a ae 
TM (26) <24¢NHscl_ aq.NH,Cl amc (Tyr Ph>MgBr ae Crh 


(b) Retrosynthetic analysis 


ia 


O O O 
cae 12C—6, BY CS oa, COat 
TM (27) 

Synthesis 


The synthesis is carried out by alkylating at the carbon atom between the two 
carbonyl groups followed by hydrolysis and decarboxylation. 


O O O 


, 
CONE PARED COOMBE miss | OOH | > TaD 
CO,BE her 


(c) Retrosynthetic analysis 


O O 
a on 1,2 C—C PK Br 4 Pe 
Ph [2 C—C 
TM (28) 


O FGA O 
A cont <= J+ pp ~~ 
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Synthesis 
O ao ie O 
J Os Aco: _ 
O Ph CO,Et 
¢i.dil. KOH 1. NaQEt/EtOH 
TM (28) 2. H,0° 2. PhOH,Br 
: A(-COg) CO,Et 
(d) Retrosynthetic analysis 
OH O 
| I 
Cy CHSH _ ce C~y , H°=LiAIH, or NaBH, 
TM (29) ||p-a 
Z CHO 
C+ 


Synthesis 


CHO 
GF a ar LiAlH 
g+y or, “on NaBH TM (29) 


Alternative approach 
Retrosynthetic analysis 


O 
a | 


a oi —> casi ~OEt , 917°=o9LiAlH, 


TM (29) | * 


Cc + (Cont 
S 


Synthesis 


CO.Et CO,Et 1; CHO 
C+ ( 2 Cy ght LiAlH, cy LiAlH, LiATEL, spy (29) 


(e) Retrosynthetic analysis 


HO FGI. HO 2x 1,1C—C 
50.) SS Ho) auc + b= i e 


TM (30) HC=CH 


Fara ecta cease ieeenctait eu Mua eaten ence tadiveuee eats 
Synthesis 
NaNH, (1 mole) 
lig. NH; 


HC=CH Howe 


>HC=CNa > HC=C— CH,OH 


liq. NH; | NaNH, (1 mole) 


TM (30) <2 HOCH,—C=C—CH,0H <##° Nac=C—CH,0H 
indlar cat. 


(f) Retrosynthetic analysis 


O O 
Le & 
———— + Ph°= Ph,CuLi 
Ph 


TM (31) 
Synthesis 
O 


1. Ph,CuLi, ether, (78°C) 
or > mM BD 


Mechanism of the reaction 


O 16H O 
; . (Michael) , —_ es Li® + PhCu 
“PhS Cu—Ph Ph Ph 
F L J 


enolate ion 


OH O 


(g) Retrosynthetic analysis 


OH O 

Ph a cH SSS : + G=CH 
oa Ph Me 
Me TM (32) 


cS) 
The disconnection is done in this fashion because the acetylide ion (HC=C:) 
is the most stable one (since the negative carbon is sp-hybridized and most 


electronegative). 
Synthesis 
P 2 xe 
N 5 KF Me T ee liq. NH 
HC=CH yj, nu? HC=C Na > Ph—C—C=CH —*—*> TM (32) 


| 
Me 
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(h) Retrosynthetic analysis 


OH __ FGI ea 
QD 7 
TM (33) alacon —2 : 
[: 2C—C 
@ OH 0 
NB c=cH 6 Fe ae, = 
Synthesis 
1. NaNH nee 
HC =CH ANT: > Wn aN H/liq By ie sO 
2. CH,;,CH,CH,Br 


ae 
Lindlar cat. 
TM (83) 

(i) Retrosynthetic analysis 


OAc 
ph #or, Ph~S A ph 


TM (34) 


H—C—OEt + 2PhCH,CH,MgBr 
Synthesis 


1. HCO,Et 
Ph-~ Br eee Ph-~ MgBr ced pees 


(2 moles) 
Ac,0 


TM (34) Pyridine 


G) Retrosynthetic analysis 


oto = ofp se wee, cya gy 
es Ola 


Since 1,1 C—C disconnection of a ketone is often not much reliable, disconnection 
is done after converting it to the alcohol oxidation level. 
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Synthesis 
Cl OH Cl 
Cl eae Ay Meo! maw 1. PhCcHO one 
cr Ether” 2. 2.H,0® @ os) 
[O] 
Na,Cr,0, 
TM (35) H,SO, 
(k) Retrosynthetic analysis 
ab ® 
phe Br GL. Phox OH ===> PhMgBr + ~. OH 
cutee: : fl f 
| oe PhBr + Mg ‘ 
PhCH,MgBr + HCHO 


The disconnection (a) is better than the disconnection (b) and this is because benzyl 
Grignard reagents easily give diradicals which then polymerise. 
Synthesis 

O 


L\ PBrs 


‘L. 
PhBr —~2_> PhMgBr Sige > PRCH,CHLOH <-> TM(36) 


(1) Retrosynthetic analysis 


Jee bits. 
‘a ae ae eee 
A+, 


TM(37) o_ 


Br + (eo) O 
ll 
O 
Jk co,Et 
Synthesis 
Jk co,Et son, _copy/b, AN ~ Ao 
EAA CO,Et 
HC=CNa AWA, 1. OH/H,O 
a liq.NH, 2, H,O/A(-CO,) 
SS 3 2) 
TM(37) 


ae cat. 
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7. Outline the retrosynthetic analysis and the designed synthesis of the 
following target molecules: 


TM(38) 
O 


(d) ea 


OH 
TM(41) 


(e) Cr COOH 


TM(44) 
COOH 
@) 
TM(47) 


CO.H 
90,0 


TM(50) 
OH 


(p) Ph as al 


TM(53) 


Solution 


(a) Retrosynthetic analysis 


O O 
err 1,2 C-C oe roe 
—————— + Br 


TM(38) 


Synthesis 


O 
H 
H 


ea Lae THF 
780 


TM(39) 


(e) PhO — OH 


™(42) 04 
p-CH3C,H, 


(h) ae COOH 


p-CH3C,H, 
TM(45) 


a) +O) 
COOH 


TM(48) 
NMe, 
O 
A 
Ph O 
TM(51) 


(n) 


(can form enolate 
on one side only) 


70a Fig 
ory =o, TM(38) 
Sy2(-LiBr) 


@ 4 


TM(40) 


(fo) Cl con 


TM(43) 


(i) Ae 
O 
TM(46) 


Poe 


() CO,H 
TM(49) 


(0) CN on 


Ph Ph 
TM(52) 
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(b) Retrosynthetic analysis 


O O 
je = etnca+ Je =! 
om @ a 


TM(39) Me~°~ Cl 


O 
Gi 
Meo) TBH ECAC! 3g) 


Synthesis 


The ester MeCO,Et and the Grignard reagent MeMgI are not used for this synthesis 
because the intermediate ketone (more reactive than the ester) may react with 
MeMgI to give an alcohol. 

Alternative approach 

Retrosynthetic analysis 


O O O 
Ay = CH3Br + poe — cot 
TM(39) 
Synthesis 
+ 1. _ aA OE 1. dil KOH 
E ai t E 1 
AL co; = pa J 00, t ge > T{MG9) 
EAA 3. A(-CO,) 
(c) Retrosynthetic analysis 
Cl 
AA, = pe. on = asl ee ae 
TM(40) 7 EAA 
Synthesis 
aie Aas, B00 thee aa LA o 
" CO.Et 
1. dil KOH 
TMia0)s 5 H,0° 
3. A(-CO,) 


(d) Retrosynthetic analysis 


i. C 
= | io) 
FGI mel 1,1 oe C= CH 


res IMgC =CH 
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Synthesis 
on 
1 : 
HC=cH OS™ 5 yo =cMel SSE . Hc =C_CHCH, 
2. H,0° 
20% H,SO, 
TM(41) 


HgSO,, 60-80°C 
(e) Retrosynthetic analysis 


PhO PhO CO,Et PhO ~ 
OH B 
eee FCI ee 12 7 


OH _ reduction CO,Et roar = 
nee) EtO,C~ ~CO,Et 
Synthesis 
(ee ae 
EtO,C~ ~CO,Et NAO, 840,07“ CO,EE eee — ical 
DEM Sx? CO,Et 
TM(42) LiAlH, 


(f) Retrosynthetic analysis 


O 
ia ol 
CL. cot = CL Mepr +C = CO, 
C—C ~OH 
TM(43) 
Synthesis 


| 

co H,0° 

MgBr — CU —> TM 
ou sBr > Conigne (43) 


Alternative approach 
Retrosynthetic analysis 


Ce co, => + COOH = coe 
2 c—C oo CO,Et 
TM(43) 
Synthesis 
CO,Et 
CO.Et 


( 1. NaOEt CO,Et > TM(43) 


CO,Et 2 Br 2. Hy 
mat Cy 3. A—CO,) 
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(g) Retrosynthetic analysis 


CO.H CO,Et 
Cy 2 Ps Cre - _CO.H =f 2 
C—C 


CH, CO,Et 
TM(44) 
| FGI 
CO,Et 
FGI 2" D—A CO.Et 
S 
Synthesis 


CO,Et CO,Et 1; CH,OH CH,Br 
il Cn OO i 
ar 


1. dil. KOH CH,(CO,Et), 
ee Sos — Cy ~CH(CO,Et), NaOEt 
Sone 


3. A(—CO,) 
(h) Retrosynthetic analysis 


Me 


O Me Me 
1,3 
CO, =a a CO,H + oO — oO 
(Oo HC . 
Me 


TM(45) 
Synthesis 
CH3; 
~~ CO.H 
Me 
Toluene 


Aromatic hydrocarbons are good nucleophiles to add in this fashion under Friedel— 
Crafts conditions. Therefore, an organometallic reagent is not necessary to use in 
this synthesis. 

(i) Retrosynthetic analysis 


O 1,3 fe) ss O 
aad So” — a + —< ~o™ 
TM(46) 2 
MgBr 


It is better to disconnect the longer chain to get back to simple starting materials. 
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Synthesis 
A 0. 
. ~ 
—~™ Br => —~~MgBr ——————> TM(46) 
Ether (Michael) 
G) Retrosynthetic analysis 
COOH CO,H COE 
12 ee es 1,2 Br Br 
c—C _ Br "6 a 
TM(47) 4 
EtO,C~ ~CO,Et 
Synthesis 
CO,Et 
iS) _QNe®? —n~ CO.Et 
9) 2 
Et0,c~ Cco,Et “2's Eto,c~ ~co,Et = = aoe Br 
DEM ‘ 
CO,Et 
EtO,C_ CO,Et : NaOEt 
1. dil. HCl Sy2 gy COsEt 
TM(47) <3 4 (C0, <—— LBr 


(k) Retrosynthetic analysis 


AXO<X Be tOre} C= 00; 


CO.H 


M+ ~O> news 


Br MgBr 
| FGI 
Cl 


FGI F—C 6 _ 
XOX == a, == 
+ 
“+O 4 > 
»< +O + EOD “eaccior om are 
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The isobutyl group is introduced by acylation followed by Clemmensen reduction 
and this is because its introduction leads to a rearranged product. 


Synthesis 
a O42 a 
@ 0) Zn—Hg CH,CH,COCI O 
Anhy. AICI, Cone. HCl Any, AlCl,” 
(Clemmensen) 
o7™ 
NaBH. 
TM(48) <= 2 gah. {a 
2. H30 Ether 
BrMg Br HO 
(1) Retrosynthetic analysis 
sth. po CO,Et 1,2C0—C CO,Et 
° 20— 
CO.H = Pe ces = +( => Cn Bre ( . 
TM(49) \CO,H CO,Et CO,Et 
Synthesis 
an L.NaOEt jCOzEt 1 Naont a CO2Et 
CO,Et 2. ~— Br \CO,Et 2. CH;Br CO,Et 
DEM 
1. dil KOH 
TM(49) 2. H,0® 
3. A(—CO,) 


Because of steric reason, it is better to introduce the larger group before the smaller. 
(m) Retrosynthetic analysis 


CO.H EtO,C, _,CO,Et 
HO.C Ae 2 2x1,2 HO,C AL 00H _ 2 K 
co” ~ £tO,C/ \CO,Et 


TM(50) +2 Etl | 


EtO,C EtO,C CO,Et 
yo By 4 ( 
EtO,C EtO,C CO,Et 
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Synthesis 


CORE | EtO,C, ,COjEt 
2 1. NaOEt 2 2 1. NaOEt (2 mole) > (EtO,C)C __ C(CO,Et). 


CO.Bt 22 EtO,@ “CO,Bt 2284 | | 
Et Et 
1. dil. KOH 
TM(50) 2. H,0® 
3. A—2CO,) 
(n) Retrosynthetic analysis 
ee NMe, 11 NMe, . 
woody sh ester es C—C + PhLi 
Ph’ ~OH 
O 
TM(51) 
[| dix 


S) + NHMe, 
O 
Synthesis 
NMe i NMe 
a eae Cr 2  PhL co 2 enon TM(51) 
t,0 Pyridine 
(Michael) 0 Ph OH 


(0) Retrosynthetic analysis 


1,1 C—C 
Ph Ph 
| 1,3-diX 


TM(52) 
Cohn * Sco. 
Synthesis 


->~CO,Et Cahn Cy 1.2PhMgBr. my(59) 
Michael Ns CO.Et 2: a4-NH,Cl 
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OH 
i) O a a,|c c iS) 
TM(53) 


»|| 1,10-C 
Ph } 
~~ + Me = MeMgl 
O 
The disconnection (c) leads back to a ketone, which is cheaply made starting 
material from acetone and benzaldehyde, and this is the route which is actually 


chosen for synthesis. 
Synthesis 


Fire yn ee, Ph 
oT Et+MgBr ee aq.NH,Cl TM(53) 
Co OMgBr 


8. Using disconnection approach, design a suitable synthesis for each of the 
following compounds. 


(a) Pho . (b) < >-CHO ©) CT CO,Me 


TM(54 
2) TM(55) TM(56) 
O 
H “my gyi H 
oes (e) [ Ph (f) phe 
TM(57) H,C3 C3H, 
O 
(g) Pho (h) Phe 
TM(60) OEt 
TM(61) 
Solution 
(a) Retrosynthetic analysis 
Ph Ph? a9 i 
FGI oe Pho MgBr n oe 


TM(54) II 


O 1,2 FGI 
PhMgBr+ /\ <== Pho OH <= ph-~ PF ag 


3.124 Organic Chemistry: A Modern Approach 


Synthesis 


BN SP \ H,0® PBr, 


PhjMgBr “> Ph o= > Pe 
OMgBr OH 


Ph OMgBr 
aq. NH,Cl ¢ eo Mg 
TM(54) <4 <= Pa) Pha 
MgBr Br 


(b) Retrosynthesis analysis 


CHO CHOCH, O 
Witti: 
i ir. eo es a + PhgP’* ~OCH, 
hydrolysis 
TM(55) I 
ae 
Ph;P+Br OCH, 
Synthesis 
PhP 1. BuLi 
Br’ OCH, -33-> PhsP~ OCH, > (D> CHOCH; “> TMES) 
-< =O 


(c) Wittig reaction can be used to prepare this a,$-unsaturated ester. A phosphonate 
ester with a stabilising group is used in this reaction. 
Retrosynthetic analysis 


O 
Wittig z= 
————e O +(EtO),P” “CO,Me 
CO,Me 


TM(56) 
Synthesis 


0--Ci.CH\, O 
Ma. | I 


O). @ 
Br ~CO,Me > (BLO)? CO, Me :Br: ——> (EtO),P~ ~CO,Me 


(re I au NaOM 
TM(56) <-—- (Et), P~ CO, Me < N20 
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Mechanism of the Wittig reaction 


—> —> 
Me0,C—CH—P(OE), MeO,C—CH- P(OEt), + O= POE), 


lo 


Na Mi One On? 


(d) Since the central double bond is trans, the direction of disconnection is to be chosen 
to give a stabilised ylide. Therefore, the central double bond is to be disconnected. 
Retrosynthetic analysis 


eee ~~ CHO 4 PhP j~= Br® 
TM(57) \| 


Br-~= + PhsP 


Wittig 
—> 


Synthesis 


prt. tm, ea ee 


Ph3P’ Bro = 2.._~_-CHO 
(e) Retrosynthetic analysis 


FGI FGI 11 
[Pp — rs Ph ==> O 
OH 
TM(58) + PuMeer 
Synthesis 
7 [ xo HPO 
Ph—Br i> PhMgBr a Cre Roe o Bes 7 Da a TM(58) 
2. H, On se 
OH 


(f) This epoxide can be prepared by stereospecific epoxidation of a cis alkene which on 
disconnection in either sense gives an unstabilised ylide and therefore, selectivity 
is expected in the Wittig reaction. 

Retrosynthetic analysis 


O O 
H H itti | ® 
H,C; CH, "0, «= «C C,H, 4H Br® 
TM(59) | 


Ph3P au C3H_/Br 
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Synthesis 
ae PPh, O~ BuLi a 
Br C,H, ae PhsP C3H; (pap? Ph3P CH, 
Br® An unstabilised ylide 
cl C,H,CHO 
COOOH 
TM(69) < (MCPBA) 
H,C, C3H, 


(g) Retrosynthetic analysis 
Wittig is © 
mo = pir Pphy Br +one 
TM(60) \ 
Pi Be + PPh, 
This stabilised ylide gives mainly the E isomer. 


Synthesis 
a a: PPh; 6  1.Buli 
> 
Br Ph $2” Ph,P ~~Pph Br er TM(60) 
(h) Retrosynthetic analysis 
Lk Wittig J, 

Ph ———> Ph + OEt 

ao OEt 0 ane 


TM(61) 


This stabilised ylide gives mainly the E (trans) alkene. 
Synthesis 


etn: 
OEt OEt . Bul 
Be a Pho Be I ; — CHO zee) 


9. Give retrosynthetic analysis sai an efficient synthesis for each of the 
following compounds. Which of the possible two disconnections is 
expected to be a good choice and why? 


@ Cy o) () Ph) 


TM(62) TM(63) TM(64) 
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Solution 
(a) Retrosynthetic analysis 


Ph FG, 
Cr i —cr° + Phe 
I 


TM(62) PhMgBr 
FGI 
oo i 
~~ OH 7 


There are two possible disconnections. However, the disconnection involving A is 
more appropriate and helpful because dehydration of A can give only the target 
molecule but dehydration of B might give the compound C along with the target 
molecule. 
Synthesis 


{6 e OMgBr u,0° 


Cae: Hier Ph ~ | 
Ph OH 2. OH 
TM(62) <—— es <— Cen 


(b) Retrosynthetic analysis 


Ph Ph Ph 
= Me 


TM(63) ra 


I) FGI 


Ph Ph 
a ale —=> )=0 + PhCH,CH,MgBr = PhCH,CH,Br 
+ Mg/ether 


” 
Dehydration of A could also give C, the conjugated olefin, but dehydration of B will 
give only the target molecule and none of the less substituted olefin D. 
Synthesis 
Br— Me BrMg— 1.Me,c=o . \ y—Ph HPO, 


Ph__| Ether Ph__| 2 #20 On (—H,0) 


> TM(63) 
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(c) Retrosynthetic analysis 
The double bond outside the ring is to be disconnected as this will give two 
fragments. The two possible routes for such disconnection are as follows: 


: 7 
a, Ph\-CHO + PhyP x S = Phil 

wel a = : 
Ph pref) 


TM(64) 


Ph~_wnw. Br + PPh, 


The route B is better than route A because the starting materials are readily 
available. The aldehyde, for example, can easily be prepared by a Diels—Alder 


reaction. 
en D-A C ia 
1. 
Synthesis 
{PPh a PhLi 2) 
ER CBY Ba 2 PPR SP 


CHO CHO Phi 22 
Zr — wor PPh (64) 


10. Using disconnection approach, design a suitable synthesis for each of the 
following target molecules: 


L 
— a 
@ Br 4 © Cr 
TM(65) O 
TM(66) TM(67) 
O O O 
ennee) TM(69) 
TM(70) 
O OH OH yOu 
(g) rec (h) = a @ yy ae Con 
TM(72) CH; 


TM(71) Ties 
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Solution 
(a) Retrosynthetic analysis 


a b 
O 
J. 
H 4H 
Synthesis 
— y Buli_, ee foe 1p —— 
HO. 0OCOC~*# Qequv.) LiO~ ~~ “! 9,0 "HO 


Either disconnection (a) or (b) could be used for the synthesis of (65). The dianion 
involved in the synthesis corresponding to the disconnection (b) is alkylated at the 
carbon. This is because the carbanion is much more reactive (pKa of acetylene is 
~25) than the oxyanion (pKa of an alcohol is ~16) and protection of alcohol is not 
required. 

(b) Retrosynthetic analysis 


OH 


OH 
{Bf tL, He BL, boy n-=-n 
O a hydration C—C 


TM(66) 
Synthesis 
OH 
—— OH H/H,0 KHSO 
-o => as ~~ 5 TM(66) 
NaNH,/NH,(1) ie Hg”* [ -H,0) 
= O 


(c) Retrosynthetic analysis 


O O 
HO OH 
FGI FGI a 11 p 
—_ te —— + H-=—H 
Hydration C—C 


TM (67) 
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Synthesis 


0 OH_ OH 
= ~ 41,0 KHSO 
Cy ie on > ———> TM (67) 
NaNH./NH,(1) Hg?* (—H,0) 


(d) Retrosynthetic analysis 


O O 
FGI 
Aad Hydration =f f= —> Bra ~~ “Br + 9H—=—H 
TM (68) [|For 
HO — OH 
Synthesis 
er ® 
HOH "85> Br Br SO 5 = = 3°, TM 68) 
2 3 
(e) Retrosynthetic analysis 
O 
ph_/\_pn 22> pp_/F=F_py => 2 Ph Br H-=—H 
TM (69) 
Synthesis 
_ 1. NaNH,/NH; (2) = H/H,0 
H-=—H 2. Ph Br (2 ae — Hg”* cen 
(f) Retrosynthetic analysis 
C-O 
A (CHa)s~- O55, ae w- (CH2)g~~ OH + CH;,CO,Et 
O 
TM (70) reduction || FOI 
(a pheromone used oo 
to trap pea moths) S~ (CH2)7~_~ OH 
Br~_~ (CH))7~_-OH + H-=—H <= = -&y _(CH,);~_ OH + Mel 
|| Far 
HO~_- (CHg);~_- OH 
Synthesis 


The starting material to be used in this synthesis is a diol. Since only one —OH 


group should react, the other —OH group should be protected. Dihydropyran is to 
be used for this protection. 
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® 
HO~_ (CHy)7~_- OH + || a HO~_- (CHy)7~_- O PBrs 
6 TO 
O 
1.NaNH, _ a 
2Mel  S~—~(CHy)q~_-O H-=0 Pr~_ (CH2)7~_- O 
a TO 
O O 
WS 
ii aces Na/NH;, (J) i a ae H,0° 
O O 


TM (70) <a - (CH2)s~~ OH 


(g) Retrosynthetic analysis 


O O 
FGI FGI = eee 


HO OH 
TM (71) 
Synthesis 
1. NaNH,/NHs, (1) 1. NaNH,/NH; (1) H9H,0 
a a =H festa T= aa 
a =0 2. =o OH 


In the hydration step, the ether forms spontaneously as follows: 


O 
an H,0° —HL0 . = 
Qe as 
OH, O 


OH OH 
(h) Retrosynthetic analysis 
OH OH 
x a=) \— ==> 2 ae + H-=—H 
TM (72) 


(Surfynol, a defoming 
surfactant) 
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Synthesis 
ONa 
H 1. NaNHy/NH; (),. | __ H 1. NaNH,/NH; (2) 
ae ee ae ee Gl 
O O 
) 
ON&aON® 
@ _ 
TM (72) ee ae 
(i) Retrosynthetic analysis 
saan Mtn, —— — _——s —C= 
Ht 7 a al hydroxylation CHS “CH, ' 2 
CH; CH; \ 
TM (73) CH;—C= CH + CHal 
Synthesis 
_ 1. NaNH./NH; (1) =, H, HY —_ UH 
CH3;C=CH 2. CHI > CHs C=C CH3 idle” . ee — Non 
Propyne catalyst 3 3 


2. NaHSO3, H,0 


11. Write down the synthesis of each of the following compounds with proper 
retrosynthetic analysis: 


0 oO oO 
(a) SS o8t (b) éaa (c) CoH 
OH 
TM (74 
ae TM (75) TM (76) 
0 O CO,Et 9 
a eo (e) Ph—< . (f) O 
TM (77) CO,Et Ph 
TM (78) Ph ‘OH 
— TM (79) 
(g) = (h) O (i) a sae 
oO - : yo CH,OH 
Ph T™M (82) 


TM (81) 


The Logic of Organic Synthesis 


0 fe) 
O 
@ One ) AOA, RHO 
O TM (84) TM (85) 
TM (83) 
(m) CY (n) ey co (o) os 
O mi (87) cus 
TM (86) TM (88) 
Solution 
(a) Retrosynthetic analysis 
Oo O Oo O O O 
1,2 1,2 
AR< SOE ar EtBr + “x S oBt aa ax ont + MeBr 
TM (74) l| 1,3-diO 


O O 
+--+ 
“Nort * “Sort 


Because of steric reason, the larger alkyl group, —C.H;, is to be introduced before 


the smaller alkyl group, —CHs. 
N® —G > ea OEFt 


Synthesis 


Jk gay Mee LO 
OEt <-~ OEt 


(b) oo analysis 


O 
An — 5 
CO,Et 
=—,> Br7~ or 
CO,Et 7 " 


TM (75) A || 


(c) 


(d) 


(e) 
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Synthesis 

The disconnection (b) of the ketoester gives a symmetrical and readily available 
diester (diethyl adipate) as starting material. Therefore, it is better than the 
disconnection (a) Again, this reaction being intramolecular occurs readily. 


O 


CO,Et NaOEt en COsEt) 3 UB 
CO,Et ——— , N& = TM (75) 


Retrosynthetic analysis 


OH FGI OHO i340 =O O 

ee reduction Arr HAR - ra 
TM (76) 

Synthesis 


O Ba(OH), . H,/Ni 
os a? (Aldol) Pavia > TM (76) 


Retrosynthetic analysis 


O O 1, 1,3.4i0 O 
TM (77) 
Synthesis 
ee Sic 
® Uy 
Qe f sede, ned Ag > ™ (77) 


Retrosynthetic analysis 


CO,Et b Ph O 
—<——= 
ee 1,3-di0 \CO,Et * EtO~ SOEt 
TM (78) 


di | 1,2 C—C 


CO,Et 


CO,Et 

The synthesis corresponding to the disconnection (a) is a nucleophilic substitution 
on aryl halide involving benzyne intermediate, and therefore, this requires special 
conditions. On the other hand, the synthesis corresponding to the disconnection 
(b) is more simple and also the synthon CO(OEt), (diethyl carbonate) is readily 
available. 


Ph—Br + < 


The Logic of Organic Synthesis 3.135 
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Synthesis 
ae 
H HO eee oP Coe 
Pa“ : > Ph ok : =Naoet, > 2M (78) 
O CF Na 
(f) Retrosynthetic analysis 
O O 
O —s Cy + Pho Ph 
a bo 1,3-diO O 
Ph O 
Ph OH b O 
TM (79) 1,3-diO CT + hey, 
O (Unknown and 


unstable synthon) 


) 
The disconnection (b) gives a very unstable and unknown synthon Ph—C =O. The 
better disconnection is (a) which gives carbonyl compounds. 


Synthesis 
> 
O (O° Ph pare O 
iS} 
“o> Og OQ 1:0. PM (79) 
2 
Ph 
H Ph O° 
(g) Retrosynthetic analysis 
: O 
CHO 
cr a “SO + es 


TM (80) 
Synthesis 


CHO NaOH 
CY ~~ + CH.CHO [Tage T™M (80) 
H,0, EtOH 


The synthesis is carried out in base (the Claisen—Schmidt reaction) with a large 
excess of benzaldehyde to minimize the self-condensation of acetaldehyde. 
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Ph Ph | 1, 2-dix 
TM (81) Q 
|]. 3-di0 /\ + NHMey 
CO.H 
aces (a 
Ph h 
O 
Synthesis 
Br ZnBr Lo» ZnBr 
Ph~CO,H Plas ph CO,Bt MEOH, P 


— Pho 
hS.COEt Ort 
O 


(Reformatsky) os 
Ph Ph 


HO BrZnO 
oh H,O® ohn 


Then, 
Ph 
HO 
CO.Et Base 
_,.—> 
> 2 + Hoe Me (ester exchange) TM (81) 
Mechanism 


BR Ph 
HO C AO : A _~_- NMe, HO O 
| + oh Je —s | 
5 CO BS O 


(i) Retrosynthetic analysis 


The Logic of Organic Synthesis 


The two starting materials have the same skeleton. Therefore, it is better to carry 
out an aldol condensation using butanal and then to reduce the resulting aldehyde. 
Synthesis 


~_ CHO sOHIEIO, TN a aa TM (82) 


G) Retrosynthetic analysis 


? bo co O 
1,3-diO Et 
1 ae ods us, Cr : + ae 
CO,Et CO:Et 
TM (83) 


1.aio|p 
O 
O 
gia, + Bo 
O 


Since the disconnection (a) leads back to available starting materials, it is better 
than the disconnection (b). 


Synthesis 
P O O 
cir + the NaOEt qieea —-> TM (83) 
CO.Et CO,Et 
Mechanism: 
Foy. > i 
BR oF, = 
CO,Et 
Vv 
O Q © 
p -OEt? zx 
= oe a 
O 


(k) Retrosynthetic ane 


Fg ee > Sy + A, Beds BtO,0~ A 


0) 
TM (84) EAA 


(1) 


(m) 


Organic Chemistry: A Modern Approach 


Synthesis 


1.NaOEt _1.dil KOH, 
HO ~~ +S ns > TM (84) 
*~S0 BRN 3 ACC, 
CO,Et ‘ 
Me,C=CHCH,Cl is a very good Sy2 substrate because the leaving group, Cl is 


located on a carbon atom that is both a primary and an allylic. 
Retrosynthetic analysis 


Or xs re) 
Ae ~~ K SK TA CHO + UI 


TM (85) [« P 


Pe + Me—CHO 


An aldol reaction involving the enolate of acetaldehyde and requiring to react with 
the ketone is unsuccessful because acetaldehyde itself is a very good electrophile. 
The first step in the forward synthesis is, therefore, to be carried out at the 
ester oxidation level using a Reformatsky reaction and the ester is subsequently 
converted to the aldehyde by reduction. 

Synthesis 


1. Br CO,Et/Zn, C.H, 
SZ é2 » Vette ee 
ww © 2. H,0° > SS Sy CO,Et 


O 
| 1. i-Bu,AIH(DIBAL) 


gL 2. H;0° 


T™ (85) << Pe HCHO 


Retrosynthetic analysis 


goon OH 
Gb se b. oe + CH3COoR 
ester 
toon [12-80 
CHO 
Synthesis 


No control is needed in the first step because there is only one enolisable H atom 
on either aldehyde. If malonic acid is used for the second step, cyclisation and 
decarboxylation will take place spontaneously. 


Be 
K,COs, CH,(CO.H)» 
> cHO r Pax Ty (Aldol)” Oe NH, EtOH, 100°C > 1M (86) 


The Logic of Organic Synthesis 3.139 
e 


(n) 


(0) 


Retrosynthetic analysis 


Ph 
Sco Et —— ont |" 
TM (87) 
b 12.80 
Ph 


O 


as ee 


The disconnection (a) is more simple because only one starting material is required. 
Synthesis 


(Claisen condensation) 


OEt 
p one NaOEVEtOH amy (87) 
O 


Retrosynthetic analysis 


@) @) @) O 
o B ? wi 1,3 a ~ 
—> —) + B H 
C—C CH r 
CH; CH; a 


TM (88) 


Synthesis 

The side chain which is to be introduced as a nucleophile (for 1,4-addition) is 
expected to be an organocuprate reagent which in turn has to come from a halide 
via an organolithium compound. For successful preparation of the organolithium 
compound, the aldehyde group must be protected. Thus, the synthesis is carried 
out by the addition of the protected cuprate to the cyclohexenone, hydrolysis of the 
acetal to free the aldehyde group, and intramolecular aldol condensation. 


OG eee OE JO: nse O.. 0 
—1 S bl S 
Bo TH “on 2.Cal” TaCu H 


2 
(Gilman reagent) 


H.C 
Taek 2g bo 
OH7H,0 OLY H,0°® 


O 
TM (88) <—,-— = H 
(Aldole) CH; CH; 
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12. Give synthesis of each of the following target molecules with proper 
retrosynthetic analysis: 


MeO 
(a) (b) 
NMe, Cl OH NMe, 


HO 
TM (90) 
Clobutinol (an antitussive) 
TM (89) 
Venlafaxin 
(an antidepressant) 
Solution 


(a) Retrosynthetic analysis 


MeO MeO 
Noy Me on 
HO ea amine lec” 
TM (89) i 
Venlafaxin |} a 
O 


MOO ace ne 


Synthesis 
MeO | NaCN, 26N MeO 1: i.Base MeO 1. H,/Rh(cat.) TM (89) 
~Sx2 7 (Ol ANC 2.< >=0 CN 2. excess HCHO 
HO HCOOH 
ic 


Mechanism of conversion of R—CH,NH, to RCH,NMe, 


A @® 
RCH,NH, +CH,LO 2H’, RCH,NH—CH,OH—=—> RCH,NHY CH, OH, 
0 -H,O 
HLO™. 


NI HCHO H 
RCH,N(CHa)o <FICOOH RCH,NHCH; <0, -H® RCH,NH=CH, 


The Logic of Organic Synthesis 3.141 
e 


(b) Retrosynthetic analysis 


MgCl 
rat. & wr + 1% 
Cl OH NMe, Cl O NMe, 
T™T™ (90) [annie 
Clobutinol 
oe + HCHO + NHMe, 
O 
Synthesis 
MgCl 
Me,NH, HCHO NS a<O> 
~ —~cat HCL HCl “Tl NM > TM (90) 
O °2 


13. Propose a synthesis for each of the following compounds with proper 
retrosynthetic analysis: 


O 
~ o<o 
tae alae (b) (Ol 
O ON TM (92) TM (93) 
TM (91) 0 Oo 
a 
O TM (95) TM (96) 
TM (94) 
O 0 
Z _ Et0,C 
(2) ir (h) ead (i) ae 
O O 
TM (97) TM (98) TM (99) 
0 ' 4 
a 
§) (k) ~~ ot 4 ona 
a NO, TM (101) TM (102) 
T™M (100) 
CH= co 


(m) 
TM (103) 


Organic Chemistry: A Modern Approach 


Solution 


(a) Retrosynthetic analysis 


one 


The synthesis requires a specific enol (ate) equivalent for 2-butanone. 
Synthesis 


TM (91) = 


CO,Et 


1. LDA/THF, -78°C AHO Et” 
Tt 2. COWEtg ° ee oe a O 


1. dil. KOH 
ar H,0°® 
3. A(-CO,) 


(b) Retrosynthetic analysis 


O. TM (92) 


Synthesis 


This synthesis requires one enolate from the unsymmetrical ketone, and therefore, 
we need regioslectivity. The problem can be solved by using lithium enolate, a silyl 
enol ether, or a compound with an extra ester group. 


: ON 
yoo ox CHDGNLP, oo - <O>-cHO > TM (92) 
O 


Pee enolate) 


(c) Retrosynthetic analysis 


Oe Xo _LLaiX OH OH 


acetal A2 a TT 


O 
TM (93) rat | Reduction 


OH OH O 
cH or A —c0,Et or cont 
(A) (B) (C) 
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Disconnection of (A): 


OH 
1, coo 180, _ CHO + »- CHO 
(A) 


Since the synthesis of (A) requires a crossed Aldol reaction, it should be avoided 
and this is because a number of products is expected to be formed. 
Disconnection of (B): 


OH O ZnBr 
COsEt L3-4i0 + © Co,Et= CO, Et 
ee 2 ar HA, 2 2 
(B) 
Synthesis of compound (B) requires a specific enol equivalent (Reformatsky 
reagent). 
Synthesis 
: AniBenzene LiATHy S OH OH 


a TM (93) Piss a 


Disconnection of (C): 
Direct disconnection of the B-ketoester (C) suggest a crossed Claisen condensation 
which is, therefore, not useful. However, if one of the methyl group is disconnected 
first, a very simplified process results because a self-condensation of ethyl 
propanoate can be used. 


O O 


O O 0 + 
ee = A COnEt + Mel 1,3-dio a ie 


Synthesis 


CO,Et 


NaOEt/EtOH O 1. NaOEt 


O 
a Or, Clsise™) ; soot 2.Mel Sco 


mee Me0= = OH OH LiAlH, 
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(d) Retrosynthetic analysis 


O 
a, B specific enol(ate) 
CTY CY + oa equivalent required 
TM (94) 


The synthesis involves a crossed aldol condensation between two ketones. 
Therefore, we need chemoselectivity. 

Also, the synthesis requires one enolate from the unsymmetrical ketone and 
therefore, we need regioselectivity too. The problem can be solved by using a 
lithium enolate, a silyl enol ether, or a compound containing an additional ester 
group. 

Synthesis 


OH 
_(Me,CH),NLi® , NLi® 12-0 (-H,0) 
an —TpA ie 2. H,0° i= Ton > 1M (94) 
O 


(formation of 
kinetic enolate) 


(e) Retrosynthetic analysis 


~~=~co,H #85 FGI ~~2Fc0, pee + on 


TM (95) specific enol(ate) 
equivalent needed 


Synthesis 
PPh, B® 
3 Dr 1. Buli Se 1. OHTHO TM (95) 
hits a 2. oO" CO,Et 2.0 
(f) Retrosynthetic analysis 
Oo O O 
ei 1,3-diCO cy 
— 
TM (96) 
The synthesis requires a specific enol(ate) equivalent for cyclohexanone. 
Synthesis 
O OSiMes 
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Mechanism: 


6 Me;si-CCl Q7 5iMes 


Et. EtsNHCI® + ie aN 


(g) Retrosynthetic analysis 


O O O 
re) O 
or 1,3-diX Fas = 9 1,3-diCO Je. 7 AL 
Pi ~O Pk ~OH Pi SO Ph ~O X 


TM (97) 
The synthesis requires the use of a specific enol equivalent of acetophenone. Sodium 
or potassium enolate acylate on oxygen. It is, therefore, used as magnesium enolate 
because in this molecule the oxygen atoms are chelated by Mg, leaving carbon free 
to react. 
Synthesis 


EtO.C pe Meg/EtOH 
a ae 
SO Les Mg(OEt), 
O 


Ph Ph O | Ph J 
@) OH 
EtO,C EtO,C 
TM (97) : a cy tautom. see 
eu Ph —O Ph O 


3.A 
(h) Retrosynthetic analysis 


Tue) [: 3-diCO 
O 
es O 
i ae YOR 
Synthesis 


O O L O CHO 
— a and H : NaOEt : ae ae 
2 I aii 


Hort OH9H,O 
HCOO® + TM (98) 


(Claisen) 


Oe acetic encase eta alee eee Oma Cee ee edo ead 
The first reaction (introduction of a -CHO group) is regioselective because the 
product can itself enolise in the basic reaction medium to form a stable delocalised 
enolate. This drives the equilibrium over and would not be possible with the other 
product containing no reactive methylene hydrogen. 

Mechanism of -CHO removal: 


Proton transfer 
as 
se te A nc00 a 


(i) Retrosynthetic analysis 


4 Br 
[s. Et0,C a ne 


i (99) "pet enol(ate) se 
equivalent needed 


EtO.C EtO,C 
. ‘ +0 PUSS . == 


CO,Et i 
Synthesis 
EtO.C . 
NH,OAc 2 1. LiAlH Br 
)=0 + CH:(CO;Et)2 —Gercevenage)> ) ( 2.PBr, > ys 
EtO,C Re 


EtOH HOR——~Ph a auxon 1. dil. KOH ee ee 2a | 
H® HO,C 2; <2 HOM A (EtO,C).CH ‘ 2. CH,(CO2Et), 


EtO,C mer 
EtO.C (Dieckmann) TM (99) 


(j) Retrosynthetic analysis 


TM (100) 
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Synthesis 
The reaction may be carried out easily through the formation of an enamine of the 
aldehyde. 


> 010+) ar > AA KOR 7, om 


TM (100) <i0"| 


(k) Retrosynthetic analysis 


0, O 
H H H H 
TM (101) activation 
me needed 
2 MeCHO 
Synthesis 
nT CH,(CO.H) EtOH/H® 
Ny aoe CHO —eridine, 800? —<_ -COzH —> TM (101) 
(Doebner condensation) 
(1) Retrosynthetic analysis 
O O H 
Cops 8h CPt AA 


TM (102) specific enol(ate) 
equivalent needed 


Synthesis 


a £0) mG PL Ge 


Morpholine 


oo Go) on 


TM (102) <f:0° Ss as Pamir ik ory. 
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(m) Retrosynthetic analysis 


CH 
CH#CT wh CHO 
NO, ==> we + CH,CH,NO, 
TM(103) [Jroa 
CHO p_ CHO 
ee ae 
—~S 
Synthesis 
CHO ,;-0H of” 
4-~_3CHO = 
g+ yy Cy 4. So 
Se H 
jaar 
CHO of” 
® 
TM(103) <eO Cyr Pee So 


14. Using disconnection approach design a convenient sythesis for each of 
the following compounds: 


O—Me 6) fe) CO,Et 
oe dt oF 
TM (104) TM (105) us 
TM (106) 
fe) i. O 
CO,Et 
CO,Et 
TM (107) ne FM (0) 


O 


CO.Et 9 CO .Me 
oc Comms! 
Ph 
TM (110) 


O 
TM (111) TM (112) 
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Solution 
(a) Retrosynthetic analysis 
O+Me OH 


O J 
C—O FGI at, B O oO 
£2 mare CL Se CR A UR 


TM (104) 
O O O 1,5-dico 
Eto,c~ J = we we 
Synthesis 
O 
1. NaOEt dil. HCl Me,NH 
Bt0,c_ JL, ENO Beye 7 NR Bae A (—CO,) aim, Ag aa, “KOH? 
EAA ” COEt 
OH 
1. NaH (Me,CHO)s3Al 
TM (104) < 2. CHI Me,CHOH 


(MPV) 
(b) Retrosynthetic analysis 


O ; O O O 
ee 1,5-diCO Si ee 
—————— | t+ OX, 
TM (105) 


Aspecific enol(ate) equivalent is required for cyclopentanone. This may be obtained 
by the addition of the activating group —CO,Et. 


Synthesis 
o Roan: O CO.Et 9 
2 1. NaOE 1. dil. KOH 
Cy : ee 3 H,0° aa TM (105) 
re TM (105) 3. A(—CO,) 
(c) Retrosynthetic analysis 

CO,Et CO,Et 
a, B ae 1,5-diCO eee 
ee en end ee 

O 0 O 0 

TM (106) 


If an activating group (-CO,Et) is added to the acetone molecule, our starting 
materials will be two molecules of ethyl acetoacetate and one molecule of 
formaldehyde. This ester can actually be made in two steps without having to 
alkylate the Mannich base. 
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Synthesis 
O HCHO, Me,NH, H® COsEt 7.06% Fa ili 
? > 3 ; 
HW CO,Et (two moles of . O (CO) O 
EAA react) 
CO2Et fecon 
TM (106) 


(d) Retrosynthetic analysis 


rt CO,E rt I 
abt 1 5 aico CO,Et 
eee —_—————_, ‘a + 5 + HCHO 


TM (107) COME (The Mannich 
reaction is to be 
used) 
Synthesis 
O O O 
® 
Ss a =, Co NMes Maly NMe,I®° 
CH,(CO,Et), 
TM (107) NaOEt 


(e) Retrosynthetic analysis 


O O O O 
a, B O 1,5-diCO 
2 @0 ——Ps pac eae ——_—_—> ae + eee 


co) b lI 1,5-diCO 


Poss * a 
The Michael disconnection (a) is better than (b), since in that case, the -CO,Et 


control group can be used both for alkylation (to add a propyl group) and for 
conjugate addition. 


Synthesis 
O O t 
1. NaOEt 1. NaOEt 
> tide S| O 
AK O0sEt 2. ~— Br nee 2. oon 
CO.Et 
O 

H,0° 
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(f) Retrosynthetic analysis 


(g) 


COsH Se . fe) 
ae er 5 


TM (109) 


b a 


ic O 
+ 

Pee 
Synthesis based on either the disconnection (a) or the disconnection (b) is expected 
to be fruitful. However, the disconnection (a) is better because the enone starting 
material (a dimer of acetone) can be prepared very easily. A specific enol(ate) 
equivalent is needed and malonate is the best one. Also, there is no problem with 
chemoselective reduction as NaBH, reduces ketones but not esters. The hydroxy- 
ester cyclizes during work-up to give the lactone (109). 


Synthesis 
O H,0° JR Bt0,C~—-COsEt EtO,C — 
or OH7H,O/A SS NaOEt 
[Nepu 
O 


Retrosynthetic analysis 


EtO.C 
TM (109) <2 Pe 
O O O 
Foe COEt a, B 2X CO,Et — 1,5-dico eee CO,Et 
ee _——nt | 
Ph Ph + 


TM (110) O 


O O 
J + yo ph gt AL&~ ph 


Synthesis 
o wk o 6(f 
Ph~ “~H zl ACO Rt 
ors OH® Pho nackte > 1M ne) 


This sequence of Michael addition and cyclisation is known as Robison annulation 
since it makes a ring. 
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(h) Retrosynthetic analysis 


O fe) fo) fe) 
py he ah HK _1,5-diCo Si . > 
Ph Ph 


a,p Specific enol(ate) 
Va equivalent required 


O 


C) + HCHO 


(Mannich reaction 
is to be used) 


An activating group like —CO,Et is to be added to control the Mannich reaction 
leading to a 1,5-diketone. The specific enol(ate) equivalent is to be made by 
alkylation of ethyl acetoacetate (EAA). 

Synthesis 


O 
O Ph 
E =—— 
pie 1. NaOEt ‘ii t 
Ph 


2. PhCHoBr CO.Et 


NaOEt 


O O [0% 
1. HCHO, Me,NH, H® NMe. —_! 
Oe, Cyan mn 


(i) Retrosynthetic analysis 


CO,Me 
CO,Me 
=e 1,5-diCO a = 
co Poe O O 
H” oO 
a (112) |p. 5-diCO 
° 
OS + C 
Aa S* OMe 


Both of the Michael addition require an activation group. However, it cannot be a 
—CO.R group because the reaction corresponding to second 1,5-diCO disconnection 
is not possible. Therefore, activation is done by forming an enamine. 
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Synthesis 
CO,Me 
1. Me,NH, H® OMe UMeNaE BCS TM (112) 
CHO *7>*coMe — GHO ae c 


O* ~H 


15. Suggest a synthesis for each of the following compounds with proper 
retrosynthetic analysis: 


9) 
O O O 
TM (113) TM (114) eae 
OMe 
TM (116) Ph O 
i meg) TM (118) 
(g) ah) (| (i) 0 
@) 
TM (120) O 
TM (119) TM (121) 
Ph 
lie 
M o N7SO 
OMe 
TM (122) 


Solution 


(a) Retrosynthetic analysis 


O O O 
= _—<————— + pe 
O O° ~O O O 


TM (113) 


An «,B-disconnection on the target molecule results in formation of a 1,5-diketone. 
A very good disconnection for this triketone is at the ring-chain junction to give 
a symmetrical diketone with in-built activation. A catalytic amount of base is 
required for the Michael addition as position C-4 in the addition product is blocked 
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and cannot enolise. In the next step, controlled aldol condensation is better to 
arrest the linear aldol condensation. 


O S:: /s OH 
2 C' 
ao ct —4#§!_—> T™ (113) 
(b) Ret1 osynthetic analysis 


SOL, & OG, = e+ ko 


TM(114) I: a, B specific enol(ate) 


Synthesis 


equivalent required 


ZA © 1,5-dicO pee a, B pee 
i at ———— - — + HCHO 
0) An O 0/70 O 


specific enol(ate) 
equivalent needed 
The Michael addition on A could in principle take place at the B-position of either 
double bond. However, the unsubstituted position out of the ring is relatively much 
reactive than the disubstituted position in the ring. 


Synthesis 
1. NaOEt Aldol 
com. Ses el. 
Tv : 2. [= O = 


HCHO 
Me,NH, H® 


Fr CO,Et 
= “rT ° ee NMe, Mel em NMe, 
— O 


(c) Retrosynthetic analysis 


—=—- SS. 
O eo a/v O 


(Me,CH),CuLi . 
a Gilman reagent [seo 


Ml+(C 1 —=CY : pa 
O O O 
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Synthesis 
(e) ‘ 
Ch BS Cr AB Oty G welt 
os eo = O sc) 


1. Peel ae ee 
Ce a 2. Hy o® COL, <0 oon Michael ser | ee 


(d) Retrosynthetic analysis 


OMe OMe 
O ® O isdco O p 


TM(116) specific enol(ate) 
I- B equivalent required 


0 
D=0+ <O>-OMe 


The reaction is best carried out by using ethyl acetoacetate as the specific enol(ate) 


equivalent. 
Synthesis 
OMe O e oo 
i ae or JL cont LL 
——— 
La NaOEt 
MeO MeO 
O H 
H,0° 
TMU16) CO,) 
(e) Retrosynthetic analysis 
i. 
i ° , H O 
po PY Mls noe” fr ABs BE > 
Ph O Ph O Ph O 
TM(117) 
b | p.s.aico 
CN 
@ a, B ON. Te6 
Ty 4 EtO,C —— J» + 
EtO.C Ph 
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Both of these two possible disconnections are acceptable and both of them get 
back to the same three starting materials. However, the disconnection (a) is more 
favourable because it uses a Michael addition with a stable anion (resonance 
stabilized by -CN and CO,Et groups). 

Synthesis 


Ph 


NaOEt 


(f) Retrosynthetic analysis 


ieel 266. SareLrsen. 


TM(118) 
Synthesis 


SO Me,CuLi JO. o> 1. NaOEt =. £55 TM(118) 
O O 


(g) Retrosynthetic analysis 


O O O 
a, B ; 1,5-diCO 0 
—<—) —— 4 | 
( iad 


TM(119) specific enol(ate) 
equivalent needed 


Recall that enamines react with electrophiles in the same way that enolate ions do. 
Also, enamines add cleanly in Michael fashion (1,4-addition) to an ~,$-unsaturated 
carbonyl system. 

Synthesis 


a é & oo ae OH 
Y —> ae 
H 
[> 
O O : & O 
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(h) Retrosynthetic analysis 


> ,0-diCO 
oo a 
O O O O O 


TM(120) specific enol(ate) 
equivalent needed 
The enolate must have an activating group to ensure both enolisation at that site 
and Michael rather than direct addition to the o,$-unsaturated ketone. 
Synthesis 
The keto-ester for the required enolate can be easily prepared by the Dieckmann 
condensation involving dimethyl] adipate. 
eA CO,Me Nnaome al NaOMe ad CO,Me oe 
CO.Me O of ~ 4 


CO,Me CO,Me L. 
@ 
TM(120) <3 ec), gala 
O O 2 
(i) Retrosynthetic analysis 
O O O CHO 
O 1,5-diCO 2 a, B 1,5-diCO r FS J 
—_ ——> CHO —— 
O 


TM(121) 


The synthesis is carried out by using enamine because there is no room for an 
activating group. 


Synthesis 
O ic.) H® 
Lae i 
O H 


G) Retrosynthetic analysis 
Ph Ph Ph 


Ph 
ane 2xC—N —K coke 1,5-diCO - CO2Et 6 a, B ab 
ro 7 
07 SN O anilide Cn. pen CO,Et CO,Et By 
a FLO” “o 0% ~OEt CH3;CO,Et 
©) NH 
OMe 
TM(122) 


OMe 
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In practice, the unsaturated ester is prepared condensation followed by 


esterification. 
Synthesis 
a —~ coskt 
1. CH,(CO,H),, pyridine, A : F CH,(CO,Et), 

alas 2. EtOH/H® NaOEt CO,Et CO,Et 

CO,Et 

MeO —~< ( ) »— NH. 
TM(122) < : 


16. Show with proper retrosynthetic analysis that the compound (123) can be 
synthesized by using very simple starting materials like ethyl acetate and 
methyl vinyl ketone (MVK). 


CO,Et O O O 
cee Aon oe 
O Ethyl acetate MVK 
TM(123) 
Solution 


Retrosynthetic analysis 
1 
CO,Et O CO,Et 6 
O O 
TM(123) 


This disconnection is a good one as it trims off the side chain from the ring and also, it 
uses a Michael addition with a stable anion. Now, the keto-ester can be disconnected 
in two ways (1,3-diCO disconnection or disconnection of the a,f-double bond, i.e., 
a, -disconnection). 


O 
po ee CO;Et 1,3-aico CO,Et 
ne = GR oe ae es 
a 


The disconnection (b) requires formation of an a-B-unsaturated carbonyl system with one 
particular geometric isomer (cis), and therefore, it is not a good one. The disconnection (a), 
on the other hand, reveals a new 1,5-diCO relationship. Disconnecting this at the branch 
point leads to another readily available enone and a f-keto-ester (EAA) which can easily 
be prepared from ethyl acetate (CH,CO,Et) by Claisen condensation. 


O 


O 
O 
Nh CORE 15-400 pie ; ao 13-4i00 JC . ge 
O O 
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The synthesis of the target molecule, therefore, requires two very simple compounds such 
as ethyl acetate and methyl vinyl ketone. 


Synthesis 
OEt CO,Et 0 
(} 
whe NaOEt Na® Je 5 laa 1. NaOEt_. myq(193) 
O EtOH O oO 
(2 moles) 0 a Me 


17. Give two possible syntheses of dimedone (5,5-dimethylcyclohexane-1,3- 
dione) with proper retrosynthetic analysis: 


o, 


TM (124) 
(Dimedone) 


Solution Synthesis of dimedone may be carried out by using the following two methods 
(I and II): 


Retrosynthetic analysis (I) 


a b iS} 
pen 1,3-diCO pas pace 5 pte + “A 
CO,Et CO,Et 


O O O 
TM (124) Specific enol(ate) 
equivalent needed 
Lsaico| 
ian 
a, B 
oe r oo = ae * COEt 


Specific enol(ate) 
equivalent needed 


Either disconnection (a) or (b) would lead to a good synthesis of dimedone. However, the 
disconnection (b) is better because both starting materials are readily available. The enone 
is actually the dimer of acetone obtained by Aldol condensation. 


Synthesis (I) 


ae H,0° . EtO,C~_—COsEt Li (Claisen) 1 qaa 
O o~ NaOEt CO,Et an 4 


(Michael) O O O 


TM (124) 1. dil. KOH 


2. H,0%A 
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Retrosynthetic analysis (ID 


jor GA oS ani Leads Soom 
——=* —————— | 
EtO,C 


TM (124) | 1 
EtO,C—o + O= < aedico aw oS EGA - ; aa 
T COLE Co,Et No 
BrZn~ ~CO,Et 
Synthesis (ID) 


BrZn~ ~CO,Et 1-2n/Benzene , Dy CO,Et _H,0% , HO? /~CO,BL 
2. =O OH =o" 
aici 


(Michael) ° 
eee CO,Et 
TM (124) <0 ec ¢(Claisen)_ oe 2 
O O COEt 5 


Umpolung syntheses 
18. Suggest a synthesis for each of the following target molecules (1,2-dioxygen 
systems) with retrosynthetic analysis involving illogical disconnections: 


OH OH O 
H 
O 


H;C, ~CO.H 


TM (125) TM (126) _ Asn 
O OH 


Ph 
(d) a (e) . (f) PhCH,O— OH 
O o~S0 
TM (128) TM (129) 


TM (130) 
0.0 CO,H OH 
() HOT~ONNS Ph (h) G aN sora 
Me, cle box : 
TM (131) TM (132) - 


TM (133) 


Pe es LA LS Aes Se ce a eee ee ee meme nee OaeT SOME SPE Tete TT: Sateen Teen isons 
6 ~CO.H O CO.Me 
NX 
G) SO OH (k) (1) 
O 
Cl Me 
ile, TM (135) TM (136) 
O _ Ph O 
O M 
on) OD a 0 (0) POO 
O PK O 
) Ph TM (139) 
TM (138) 
TM (137) 
Solution 
(a) Retrosynthetic analysis 
OH O Tl 
1,2-diO iS) 
———— + — 
ao en ea Sas oN 


TM (125) Illogical or umpolung Ilogical or umpolung 
synthon reagent 
Synthesis 
O 
® 
een 0" > TM (125) 
H;C3 H H;C3 CN 


(b) Retrosynthetic analysis 


OH sia 
1,2-diO | 
Hace A eae : O 


Ilogical synthon 
I 
9° 
CH,—NO, 
Illogical reagent or 
synthetic equivalent 


TM (126) 
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Synthesis 
ID 
NaOH Nc) 5L2 1. NaOH 
O2N—CHs Rion? NCH > ON~\.C,H, Gago, T™ (126) 


[When the conjugate bases (nitronate salts) of primary or secondary aliphatic nitro 
compounds are treated with sulphuric acid, they are converted to the corresponding 
carbonyl compounds. The reaction is called the Nef reaction. The mechanism of the 
reaction may be outlined as follows: 


© Of OH 


2k aC | | 
ye° 


® :OH 
R40: ® _oy® @ 70H -H,O Gj 
= / 20:\2R _ oH Z y 
O=N-CH( ae CO EN=0<—— OR NT RA Bu, 
R 
6=N-CHC 
OH 


; @*) | a {ke 
R—OH—N—N~CH-R am RCHO + R-—- cea as = 


De dl - 
OH O° O bine OH 


N,O + H,O <— [HO—N=N—OH] + RCHO <== R CH yy N=Q ‘i 
HCO OH 
(c) Retrosynthetic analysis 
O O ll 
TM (127) o=— 
Synthesis 
a. 
W-=—4H 1. NaNHolig. NH; ‘ 1. ES A SOs TM (127) 


aw cn 


The Logic of Organic Synthesis 


TM (128) 


Ph H Ph 
8 ae = 
O OH 


Cyanide ion transforms one molecule of benzaldehyde into an acyl anion. The 
synthesis of this target molecule is, therefore, carried out by benzoin condensation 
followed by oxidation. 

Synthesis 


© 
a ° ia p HO_ _CN 
PH a ph pais es es 
Db (Benzoin Ph A Ph CN Ph 
condensation) CN 
Proton 
TT (128) <= HNO; Jam ast ear oe transfer 
<TOl Ph 
Rea 
(e) Retrosynthetic analysis 
H 
OH ? 
C—O CO.H_ 1,2-diO CHO OH 
ester Ge _ ——- = T = EN 
OH 
0”) ~O OH O 
TM (129) [) 3-diO 
HCHO + »—cHO 
Synthesis 
He OH OH 
oHUD NaCN HCl 
\-CHO =x00,? 4 MO, 7 Son Het 7 \CO,H 
(Aldol) OH OH OH 


TM (129) lactonisation 


3.164 Organic Chemistry: A Modern Approach 


(f) Retrosynthetic analysis 


® 
PhCH,0 OH joao H,C~_-OH e 
——> PhCH,0H + Ss = 
TM (130) logical Tllogical 
synthon synthetic 
O equivalent 
P—C ® Wittig FGI 
Ph3P + CHI —— Ph3P-SCH3 + — 


Synthesis 


O 
TM (130) ee o 


(g) Retrosynthetic analysis 


® 1,2-diO ® 
H 6 a es u iia + HOW S$ pp, 
Mes c]° se Mes 
TM (131) Illogical synthon | 
I 
O HQ _® . Me.N0™~ Ph 
Z\ Iogical | 
Tllogical synthon 
synthetic equivalent | Me,NH + 
O Br~ ~Ph 
aS 
Illogical synthetic 
equivalent 
Synthesis 
Q QO 
ie a 
Me,.NH a5 7 Me,N~ ~~ OH aa Me,N-~°-™on 
832/01 


TM (131) 
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H 
CO.H HO CO, 
O50 65, OO i2aio0 COzH \, OH. 
ester a | = CN 
O 
TM (132) 
[:s-co 
A ( a, B 
CH,—CO.H + Sen > 2>=O 
specific enol(ate) 
equivalent required 
Synthesis 


O O Oo 

EtO.C : CO.H 
H® CH,(CO,Et) 20 \/ 1. ail. KOH CO2H \ 

» O “algo” a NaOKt (Michael? 2.H,0%A 
EtO,C 
HO 
HO.C CN | NaCN 
TM (132) <2-NaQutio e. re 


(i) Retrosynthetic analysis 


OH 
CO.H 1,2-diO CHO . cae on 
CO,H CO,H oO. 
aS | 1,3-diCO 


i) 1,2 
i iia. + CH,CO,H a Ta +H OEt 


specific 
enol(ate) CO.H 


equivalent needed 


Synthesis 
E 
ce 1. NaOEt COGBE: 5 ai eon 
2. 2. H;0°/A 
CO.Et ~~ CO,Et ; CO;H 
pour 
OH 
1. NaCN/H® CHO | 1. NaOEt 
~~ bon <> EtOH cine (ol <3. HCO,Et os 
1. NaOH/H,0 


3 Ho? > TM (138) 
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(j) Retrosynthetic analysis 


1,2-diO 
a Yor 2 eno” on —— ‘ +1 


Furfural i 
TM(134) (readily available) <a 
Synthesis 
ONa® 
i oO 
y= Nati NBs gy ae —— < 
[NH 
OH 
NaOEt °< Hg?® = 
aS) Gy I OES a so, H—-= < 
O CHO 
(h) Retrosynthetic analysis 
0+ ™~co,H OH 
1,2-diO 
a) + Br ~COH 
Cl Cl 
TM (135) | 
C—Cl]| Chlorination 
OH 
Synthesis 
OH OH 
Cl,/HCl 1. OH® 
oO or 50,Ch Oo 2: ci. CO,H TM (135) 
Cl 


Chloroacetic acid is to be used because it is cheaper than bromoacetic acid. 
(1) Retrosynthetic analysis 


O O 0 
,2-diCO 
ACS conte Be | Cy Feo BO 
Me Me Me O 
TM (136) | ll 


he aera eee ia 
Synthesis 
ro 
=> 8 AE oe 
H SH Bulli Oy Et 
co BF; 2. H,0°® 
Me e Me 
@_CudCl, CO,Me <McOH CP a 
TM (136) <5 oesco” woe : 2 
(m) Retrosynthetic analysis 
NO, 
O O O CHO 
+ 
1,3-diO OH 0B OH 
O 
|}p2-aio NO, 
Oz 
O 
TM (137) Bi + 7 = o=—-H 
O or 
Li OMe 
Synthesis 
Da 
O 
UY O 
O |; -=—4 Hg** L on<O>, 
Be lig. NHg OH 08? OH OH? | 
OMe 
s 
3BL I H,0° NO, 
Li OMe OH 
Ow 
H,0°® 
TM (137) <—— OH 
(n) Retrosynthetic analysis 
Ph Ph Ph 
Ph 
a, B Ph O FGI 11 a 
o= Be + o => OH ==> Ph “MgBr 
Ph O C—C + 
Ph 0 
Ph Ph Ph 
TM (138) [pox AL 
H  OEt 
Ph 
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Synthesis 
Ph Ph 
. Mg/eth CrO 
Pi BES aco OH q > >=0 
NaOEt 
a> 
Ph Ph TM (138) 


oe ACN» Ph <a> Ph rt 
Ph H a ss Ph “es Ph 
condensation) O 


(0) Retrosynthetic analysis 


O O 
and — ao = =e 
O O 
TM (139) ll 
NaOAc 


O 
+ 
PhS Br 


Synthesis 


O 
eo Ps ge hare onl Coe bac, TM (139) 


19. Give the forward synthesis of the following compounds (1,4-dioxygen 
systems) with proper retrosynthetic analysis involving illogical 


disconnections: 
O O 
OH 
(a) (b) CO;,Me (¢) ee 
TM (140) TM (141) 
O O TM (142) 
TM (145) 
TM (143) o 
TM (144) 
O O O 
Z 
TM (147) TM (148) 


TM (146) 


The Logic of Organic Synthesis 
a 


sR Ey NCEE ht fecal abun utes acca tated ct Rion, ates ed states eal ai Deed ace 
HO OH 
it OEt on 
) BOON (k) a) — 
O “%, ~COoH 
TM (150) Oe 
eyed) TM (151) 
Solution 
(a) Retrosynthetic analysis 
O O 
OH di 2 OH O 
Sune 1,4-diO Si : Tw = é 
TM (140) specific enol(ate) 
equivalent needed 
Synthesis 


rea @ 
O (NMe, 0 NMe, 
; Me,NH H,0° 
o Ce —— COT BS mc 


(ii) A —CO,Et activating group may also be used to get the specific enol(ate) 
equivalent. 


CO.Et i 
. O OH a 


(b) Retrosynthetic analysis 


O O 
oa fey Si + Br ~CO Me 
TM (141) specific enol(ate) 


equivalent needed) 


Synthesis 
0. 
. 


O 
O © AOS Cc) 
@ C+ Ce OY Boome, CY COuMe BOs ene aa) 
N 'N: 
H 


O O CO,Et 
CO,Et _1.NaOEt dil. HCl 
7 es Et ——~> TM (141 
ae cr 2. Br ~CO, Et oa t A ( ) 


> 
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(c) Retrosynthetic analysis 


O 
Wittig ® io} 4 
—_> 2CH3—PPha,lI + 
1 
iM ee ° |: 4-diCO 
,4-di 


O 
l ‘a. BN 
O 


specific enol(ate) 
equivalent needed 


The diene (142) is actually a Wittig product which, in fact, is the only easy way 
to obtain the exocyclic double bonds. Wittig disconnection leads to a symmetrical 
1,4-diketone. The bond between the ring is to be disconnected preferably. 
Synthesis 


a ®@ 
(NMe, Br NMe, re) 
O 
H,0° 2Ph,;P—CH. 


(d) Retrosynthetic analysis 


0 6) 
4 O NO 
a, B 3 1,4-diCO = 2 
Q > io ————} | 0 ate al. = & 


TM (143) 


Nitro alkane anions added to enone in Michael fashion and therefore, behave as 
acyl anion equivalents in the synthesis of 1,4-diketones. This 1,4-disconnection is a 
preferable one because this leads to the readily available enone CH,=CHCOCHs3. 
Synthesis 


TiCl, (Aldol) 
NO, Sem? fo, nO? I “onto” TM 148) 


i-PrgNH OH7/H. 
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O O 

2 1,4-diCO 7 +O _ 

4 O NO, 

& 

O 
TM (144) 

Synthesis 
Ay 
= 
pte aa? TM (144) 


(f) Retrosynthetic analysis (I) 


O i4di 
a, B Creer 1,4-diCO Cor ,Br 
O O 


TM (145) specific enol(ate) 
equivalent needed 


Synthesis (I) 


1. (o crcr OH9H;0 
ne a 2. 2.H,0® > Cr (Internal TM (145) 
Aldol) 


Retrosynthetic analysis (ID) 


CO,Et 
a, B O FGA O 
C xo —— ———S 
O O 
TM(145) || «aico 


a CO.Et 
+ 
O 
O WU 
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Synthesis (ID 
CO,Et 


O O 
NaOE Oo 
or A.NaOEt NaCl ge OWT, say (145) 


Cl O wet wet DMSO” 
ce 


(g) Retrosynthetic analysis 


o OQ Oo O 
90 £0 OEt 1,4-di0 pee 
prird KOBE sts OEt + °~ OH — a 

TM (146) 

Synthesis 

. O cO 
AL og, 208, —— Cont —> TM (146) 
Tx oe 


(h) Retrosynthetic analysis 


oO , O B 
i r 
n CO.Et _14-dico +@ = 
icon : ) Xo O,Et com 
TM (147) specific enol(ate) 


equivalent needed 
Synthesis 


Te @® 
(NMe, NMe, 


O 
Me,NH of H,0 
ior > lome-= ae ior COsEt Hi, yt (147) 
N’ 


(i) Retrosynthetic analysis 


O O ® 9 
db PPh; Br 
Lynas itis, cH + a —— PPhy +Br~ ~CO;Et 


: CO,Et 
TM (148) | 1,4-diCO 2 
O 


() 
® 
Cy * “CHO = Br~ CHO 


Since a 2-haloaldehyde is unstable (light sensitive), an allyl halide is used and 
the alkene is then subjected to ozonolysis with reductive work-up. As a result, a 
—CHO group is generated. 
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Synthesis 


O 
7 = 1. NaOEt 1. dil. KOH sassoy, 2 
9. “eee ae a 2H” 
Ph,P AAco,Bt Be A203 
rd 
TM (148) O 2. Zn/H,O 


(j) Retrosynthetic analysis 
O 


OEt CO,Et 

1,4-diCO 2 
BONS OH => nok ne Br Ao Et 

O 2 

Specific enol(ate) 
TS) equivalent needed { 
CO,Et 
Bro + ¢ 

CO,Et 


The specific enol(ate) equivalent is best represented by malonate. Therefore, the 
common starting material for both the synthons is diethyl malonate (DEM). 


Synthesis 
i 1.NaOEt he Et0,C--C0, Et EtO,C CO,Et 
—— Br ———~ 
CO,Et 7B CO,Et NaOHs at oun 
1. dil. KOH 
EtOH 
TM (149) <—s— HO,C ~~~ CO2H <7 oa 
(k) Retrosynthetic analysis 
OH O O 
= OfY = OLY +2 Br~ ~CO,Et 
TM (150) 
Synthesis 


EtO,C  CO,Et 


© 1 NaH O Tian 
C.1 2 > > TM (150) 


2. Br~ ~~ CO,Et 
(repeated) 
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Because of conjugation with the benzene ring, the ketone enolises on the required 
side. In the first step, both alkylations occur readily. 
(1) Retrosynthetic analysis 


Cae or 
+ 
b--00,H CO.H 


® 
TM (151) ll ll 


CO,Et 
Cpe ¢ 
CO,Et 
CO,Et ey 
( ae NaOEt Pan on 1. dil. KOH 
EtO,C 


c COnBt 2HO%” 
ones 


Synthesis 


——~, > TM (151) 


20. Design the synthesis of the following 1,2- and 1,4-difunctionalised 
compounds avoiding illogical disconnections: 


OHOH OH 
ee (b) eae (c) AC \ 
“0 


OH 
TM (152) 
TM (153) paethed) 
O O 
Br O 
(d) TWhxon (e) Oy oor (f) cy 
OH TM (156) 
TM (157) 
TM (155) 0 - 
(g) rk) (h) O (i) an a o 
O 
OH OH O 
TM (158) TM (159) eee 


Solution 
(a) Retrosynthetic analysis 


TM (152) 


Ph,P+ Br ~~~ Pb 
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ia 


(b) Retrosynthetic analysis 


HO a O O 
An ite = $e : ee , +> ied H 
Face Ge” 
T™ a 
Synthesis 
1. Na/liqg. NH. HO OH H. 
|e tes 6 prea etal = pyor TM (153) 


O 


(c) Retrosynthetic analysis 


Se ester = A on HO =+C0OH 


T™ es I es 
O 
1,1 
HO 
Synthesis 


1. NaNH,/liq. NH; — 1.Buli = H,/Pd 
re) > “= “20D, 7 =—COH = oq > ™ (154) 


Cyclisation occurs spontaneously on hydrogenation because the groups come 
nearer to each other. 
(d) Retrosynthetic analysis 


Br 2x1,1C-C 
oH ——> COskt CS os 
OH 


2MeM i 
TM (155) + 2MeMg es 


Br ° 
1% + CN 
[- 
O 


H—-=—H 
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Synthesis 
“OL, NaN, “hees HOT, “OL 
He CO,Et 
C OH 
1. MeMgBr (excess) 
TM (155) < ance 
- HH 


The nitrile is directly converted into the ester with acidic ethanol (hydrolysis 
followed by esterification) and an excess of Grignard reagent is required because 
the free —OH group destroys some of it (an acid-base reaction). 

(e) Retrosynthetic analysis 


O fe) 
07 6 
CO,Et CL. ac (@) rn a < 


TM (156) 


Umpolung can only be avoided by making the disconnection outside the relationship. 
Synthesis 


O 
O 
O O 
H 
OT eg 2 Cyr 00 Ae > TM (156) 


(f) Retrosynthetic analysis 


OH _¢ CO,Et 20— 9 
OP athe Ct Ca ES a om 
Por a loin 2 COuRE 


TM (157) specific enol(ate) 
equivalent 
needed 
Synthesis 


CO.Et CO,Et 
CO>,Et 1. NaOEt PP lee 1.dil- KOH dil. KOH 
ac 


CO,Et 2. CH,Br, EtO.C CO.Et 2. 2,0” . EtO,C~ ~~ >CO,Et 
3: a‘ 
1. Na/Xylene 
OH 2. H,0® 
— 


TM (157) <_—— 
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ia 


(g) Retrosynthetic analysis 


1,2- Been 
eae [ =o 
OH OH 


TM(158) 
Synthesis 


_H,0°, 
[ =o ee Ors TM (158) 


Mg 
(h) Retrosynthetic analysis 


O O 
FGA CO.Et 1,3-diCO CO,Et CO,Et 
SS ° ee 
EtOs EtO,C EtO,C 
O 


TM (159) 


Synthesis 
O 


CO,Et 
oBtO,0 ~~ COE. N2OEt ° pet 0" 5 TM (159) 
EO, ] 


(i) aires analysis 


ia pred 


TM (160) 
Synthesis 


OSiMes 4 o¢ ea 
Ph~ ~CO;Et 4. sic” a = ——- Pry 
Me3SiO O 
CrO 
T nope 


(Jones) 


The acyloin reaction is carried out in the presence of Me.,SiCl which traps the 
intermediate dianion and removes the EtO° byproduct. As a result, the side 
reactions are prevented. 
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21. How would you design the syntheses of the following target molecules 
(1,4-dicarbonyl compounds) using reconnection (an operation involving 
joining up a bond in the molecule which will be cleaved during synthesis)? 

O 


(a) ~~ CHO (b) one 
CO,Et 
Solution 


(a) Retrosynthetic analysis 
Br 


Zz 
CHO reconnect diy eae 1,2 C-C aati + 
———=—— SSSS> 
CO,Et CO,Et CO,Et La 


specific enol(ate) 
equivalent needed 


Synthesis 
CO2Et | Naort CO3Et 1 nNaort A 
( LNAOEt ee LNAORt Coot 
CO.Et 2 —~Br CO,Et = 2. Br-~= CO.Et 
Pee 1. dil. KOH 
2. H,0°%A 
1.0 a 
ai (161) en ie als -_ EtOW/H® ak abel 
ere CO,Et CO,H 


[rt is to be noted that the following disconnection is not suitable because it leads 
to an a-halo aldehyde which, in fact, is highly reactive and very difficult to handle 
without protection. Reconnection can solve this problem. 


1,4-diCO 
CHO —® aan ii + Br 
t 
CO.Et 2 Sere 


(b) Retrosynthetic analysis 


O O 
ee. O 
OHC reconnect = Mel + Sao Jk 


TM (162) rea | 
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Synthesis 
O 
1.NaOEt _ > 1L.NaOEt _ > 
CO,Et 2. Br-~= CO,Et 2. Mel CO,Et 
1. dil. KOH 
2. H,0%A 
O 
1.05 
TM (162) << S 
€9 


22. Following reconnection strategy how would you synthesize the target 
molecules given below: 


ie me CO.H OH 
(a (ce) MeO,07 = 
HO,C tae 
TM (163) TM (165) 
TM (164) 
O 
(a) OHC7~~™~~ ©O2Me (e) er 0 
TM (166) Me TM (167) 
Solution 
(a) Retrosynthetic analysis 
HOC CO.H 
jap oer reconnect D-A HOC, = /CO.H 
HO,C CO,H + 
TM (163) —_ 
Synthesis 
Maleic anhydride is the most appropriate reagent for this synthesis. 
o A0 oO X70 oOo. RO 
ic} 
= —> = A> TM (163) 
\ 2. H,0, H,0 


NS 27, HO,C CO,H 
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reconnect 
——————— i => + 
Ee 


TM (164) A 1,6-dicarbonyl 
system 


Synthesis 


Ke} ei as _ mCPBA S10, ~ OH ~— 
“Yecleciva™ 
epoxidation) 


7. O 


(c) Retrosynthetic analysis 
OMe 
MeO,C a OH FGI Me0,C =~ CHO reconnect 
TM (165) 
(Birch 
rutin | FGI 
OMe 
Synthesis 
OMe OMe OMe 
Na/NH; (I) 1.05 SQ. _NaBHy 
CO t-BuOH jo (The most Secon ere TM (165) 
bond is attacked) 
2. Zn/H,O 
(d) Retrosynthetic analysis 
O O 
FGI reconnect B-V 
~~ CO.Me ———>> HO~W_~__ CO2 Me ———> ——— 
OHC oxidation O 


TM (166) 
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Synthesis 


AN econ, CF;COOH CG mon, MeOH HO~~~~ CO, Me PCC. om (166) 


CF,COOH” 
(Bayer-Villiger 
oxidation) 
| Mechanism: 
=O 
es + CF; COOOH == CF,;,COOO: —> - 
= murs 0--0--C—CF 
ei 
O 
® bond shift | -CF;,COO0° 
CY #/CY 
0 0 oo OH 


6-Valerolactone 
(e) Retrosynthetic analysis 


Me 
O O 
or oon rae) EO a. * one 
Me 


TM (167) oF 


Synthesis 


fe) 
1. Me © >>—MgBr 1.0; 
OC + HO >Me<XO>X_ > => 78 > TM (167) 


(oxidative cleavage) 


23. Using disconnection approach, design two suitable syntheses for the 
following target molecule: 


SQD=0 
MeO 
TM (168) 


Solution 


This target molecule may be synthesized in two ways, one of which involves reconnection 
strategy. These are as follows: 
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Retrosynthetic analysis (I) 


CO.H iieponnett 
eo 0 OC cot Ord 


TM (168) |[D-a 


Br Fal — 
Or =, Or d 
MeO MeO 
Synthesis (I) 


Br NP, 10, CO.H 
—? 
we aryne 
TM (168) wo | 


300°C 
Retrosynthetic analysis (ID 


CO ead L CN 

anne |r 

COEt pcr CO Et ror eo Br 

vie cost Fo Nrcoxt neo BE 
|[p.s 


COsBt 
C FGI 
| + SK —> a 
. MeO O 
CO,Et 
Synthesis (ID) 
‘eo _CHLN? , ne B10,0—C==C—COsE > SOL COEt png | CO,Et 
a MeO COR M MeO CO,Et 
moenen 
eO COH °...2 
AcO_. TM (168) 


300°C 
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24. Outline the synthesis of each of the following target molecules (amines) 
with proper retrosynthetic analysis: 


HN 
is ee oe (b) aii a ie oe 
O 


TM (170) 
TM (169) TM (171) 
MeO. N- OMe 
(d) H (e) CH CH,NH 
“ao OL... >“O)-CH,NH, 
TM (172) TM (173) 
OH 
NH, Oo 
Ph 
i) or (2) Sw GO 
TM (174) OH 
TM (175) 
NH-~ HN“ Ph 
wo OLY ~ amrK oC 
F3C TM (177) “~NHo 
TM (176) TM (178) 


Solution 


(a) Retrosynthetic peer (D 


we NH: Cl 
one sae =e eae aE ae + HN 


TM as 
Synthesis aes 


ET ce -HCl “8 LATA, yyy (169) 


seeded analysis (ID) 


N FGI H = 

ii a, ~~ ES et —~ ~_- NH; + O 
TM (169) 

Synthesis (ID 


NaBH. 
~~ NE + ox ceo Naoee? EMC69) 


(b) Retrosynthetic analysis 


O O 
POW SS ~~ oN, Eee es 
N» as N amide Cl+ HN») 


TM (170) 
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Because the cyclic amine piperidine is readily available, the exocyclic methylene 
group is chosen as the site for FGI. 
Synthesis 


La 
ee aa + HN , ss -HCl eo an? TM (170) 


(c) Retrosynthetic analysis 


(Michael) FGI a, 8B _ OHC 
—_—_—_ —> —_—> 
O O O O 


a | 5-diCO 
0 CN 
N + 
> + ee = x oe 
Synthesis 


It is better to use methyl acrylate instead of acrylonitrile. 


O MeO,C eO,C 
@ @® 
en le ~ 1.R,.NH/H — hot AcOH 
»Me 2. Fan es | 
De pie 
oH® 1. LiAIH Pee: ec Ont 
TM (171) voc 2. Hy ae a ert ie <9. NH,OH 


(d) Retrosynthetic analysis 


eO OM 


TM (172) 


amide I 


or + TOL 
eO O OMe 
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Synthesis 


The most economical route to make both the acid chlorine and the amine is from 


the nitrile. 


Oe 3 Huw 
MeO (Chloro- 
methylation) 


Oey le, KCN 
MeO 


Now, (A)+(B) —~TM (172) 
(e) Retrosynthetic analysis 


CH,NH, CN 
FGI 
reduction 
CH; CH; 
TM (178) 
NO, 
C—C 
nitration 
CH; CH; 
Synthesis 
CH, CH, 
C. HNO Sn/HCl1 
o CHS0, O 3 
NO, 


(separated from 
the ortho isomer) 


KCN 
"HO" 


"Oy 


[rs 
“IO 
MeO NH, 


(A) (B) 
® 
Nacr 
C—C 
= + Cu(I)CN 
CH, 
Pot atin 
NH, 
FGI 
reduction 
CH; 
CH; CH; 
NaNO,/HCl 
osc > (O) 
NH, "Ler 
Cu(DCN 
Vv 


TM (173) <Seee. o) 
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NH N 
or~ 2 FGI or~ 3 1,2-dix oman 
TM (174) 
Synthesis 


OH 
ea _N&NSdioxan , Ph See _ Hy PtOn TM (174) 


= egie or LiAIH, 


(g) Retrosynthetic analysis 


N 
H bst. 
OH ot 
TM (175) 
On 
N 
Synthesis 
N NH, ” ah ae a 
Isoquinoline 


(h) Retrosynthetic analysis 


O 
“reduction => +Cl 


TM (176) B3C — 
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(i) 


Q) 


25. 


Synthesis 


WaOac F,C 


O 


io 


TM ALG) ——— ole 


Retrosynthetic analysis 
Ph ae ee HN-< 
+ 
a a, Pk ASé “Sane peu > 


TM (177) 
Synthesis 


X* 


Ph O H N= 2 > Ht _H' cat. Hg, cat. TM (177) 
eee ee ok or NaCNBr; 


There is no CH, group next to nitrogen, and therefore, the imine route is chosen. 
Retrosynthetic analysis 


Ph Ph Ph 
FGI FGI 
Min, NH, My, N O , Mn, N O 


TM (178) [ps 


PhCHO c_c Ph Z 
4 gS S< + é 
CH,NO, ON 


Synthesis 


ProSH MeN, py ~ NO, LA, i. BPA. TM (178) 
NO, 


How would you carry out the following transformations? 


OH OH 
Se —> SNe 
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r 
O O 
CO,Me CH,OH 
(c) —> 


Solution 
(a) Alkylation of the alkynyl anion with this bromo-alcohol is not possible because 
the anion being a strong base readily deprotonates the hydroxyl group. For this 
reason, the hydroxyl group is to be protected. 


Me~..- t-Bu 


Me~,, aa Bu Om ~Me 
cs Me, Imidazole (weak base). ” 
(protection) < 


Me~.,.-t Bu 
o-"" Me 


exe) @ 
- ~¢ ad. Bu,NF or H3,0 2 
ZA ZA 
or (deprotection) eae . 


(b) Since the alcoholic —OH group in the starting compound is susceptible to oxidation 
by bromine, it is protected by forming an acetal. 


OH _D=0,H? H® oa Bry Oy 
OH “iGreteckion) (COL $ Oe: 
OH Ho? 

Ol on (deprotection) 


lg 


\ 


(c) Since the >C==0 group is much more readily reduced than the ester group, it is to 
be protected. 


O { \ [ \ 
CO.Me HOW ~ 09 0 0 CO.Me LiAlH, 0 0 CH,OH 
if Y — nA eG 7 eens Y 
cat. TsSOH 
(protection) 
O 


‘ CH,OH 0? 
(deprotection) 
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[STUDY PROBLEMS | 
1. Write down the synthetic equivalents for the following synthones: 

S) ® ® 

(a) CH,COOH (b) CH,CH,OH (c) CH,—C=O 
® iS) 

(d) CH,CO,Et (ec) CH,CH,COCH, (f) [+o 
>) 0 O R 

) ¢=0 mn) eK, a -S=6 
H 
cS) cS) cS) 

Gj) COOH (k) CH,CO,Et (l) CH; 
cS) @ 

(m) ae (n) Br° (0) Me,COH 
cS) ® 

(p) CH,CH,CN (q) Me—C=C® (r) NH, 


Which one of the groups in each of the following target molecules should be 
disconnected first and why? 


(a) —O)-No, (b) O.NXO)-NH, (0) motores 
Cl 
O H HO NO, Br. 


NO, 
Make the — FGI’s: 
O 
ob) ~ He 
0 0. 0 
(c) —COOH = -CN dy Jl. JOH => >< 20H; 


(e) —COOEt = —CH,OH (f) oO = ee 


Write down the three strategies (differing in the order of events) for the synthesis 
of the following target molecule. Which one is expected to be the best one and why? 


HOS SO3H 


Organic Chemistry: A Modern Approach 


5. Which of the following two disconnections (a and b) you find to be a good choice and 


why? 


a O b 
Using disconnection approach (one-group C—X disconnection) outline the synthesis 
of the following target molecules: 


D : 
(a) -— (b) (Cr ~ ° (c) ore 
Cl 


O 
O 
NMe 
ee (e) ore 2 (f) pee PS 
Br 


Predict the product and account for the chemoselectivity of the following reactions: 


0 se HO,C __ CO.Me ae 
(a) ou pac? ® fy 
H 4H 
OAc 
CO.Me . ° 
ye ere Ss (a) “0? 
O 
OH NHAc 
Ac,O (1 equiv.) = 1. Mel (1 equiv.) 
=~» > 
(e) Spine (f) © O° 2.H,0° 
NH, . 
NaBH,, CeCl 
(g) JL, 8, on? (h) CF on 
O O 
(i) pee ae equiv.) | 


Outline the syntheses of the following target molecules with proper retrosynthetic 
analysis (involving two-group C—X disconnection): 


OH 
O 
ay: * tm wn Q ) [ 0 ~—sn, © Ph 
OH 
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10. 


11. 


12. 


OH 
NH-™ 


O ane 
(g) BK (h) _ 


How would you convert m-bromobenzaldehyde(I) chemoselectively into two alcohols 
(II and III)? 


CHO CHO CHOHCHs, 
O..... OL. - O 

CHOHCH3 Br Br 
II I III 


Using disconnection approach (one-group C—C disconnection), design a suitable 
synthesis for each of the following compounds: 


(a) CX on (b) & aa OH (c) oe 


@ Cy ow @ oat 
S—cO0,H (h) ak Op a (i) ore 
OH O 
@ Ae (k) ona. on” 


OH 


Using disconnection approach, design a suitable synthesis for each of the following 
target molecules (using acetylene): 


- > es ~ of 
“Oy 


O 
OH HO a 
(d) ~—=—™oOH (©) XK xX (f) PK ~OW 


Describe the synthesis of the following target molecules with proper retrosynthetic 
analysis (involving two-group C—C disconnection): 


fo) fo) 
Me CHO CO,Et 
(a) (b) 0 COH  () 
Ph 


CH,OH 


CO.H 


13. 


14. 


15. 
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O 
oO O Me 
(d) Zhe oe (e) eS: (f) 
NO, OH : 6 6 
CHO O 
(g) or~ (h) ioe (i) Ph 
Ph OH 


Outline the synthesis of each of the following target molecules with proper 
retrosynthetic analysis: 


O 
O 
O 
O O 


0 CO.Et 
(d) OD @OA~con © oad 
0 
MeO.C 
(g) pan (h) oor (i 
; ; fas. 


What is called wmpolung? Explain with a suitable example. Label each of the 
following species as a normal synthon or an wmpolung synthon: 


O O 
@) ) () da 


O O 

@ dh (e) shone ) J 2 
O @® 

@® J me 


Using disconnection approach (illogical disconnection), design a suitable synthesis 
for each of the following compounds: 


O O oO 
Cl 
fa) oa. (b) CO,Et (c) ny 
6 OH Ph 
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HH 
i: 2 CO Me 
A OW 9. ,CO2H oe 
@) ih) @ xX 
ry 
H 
OH OH 
Ph OH 
O OH ss 


16. Give three syntheses of the following lactone with proper retrosynthetic analysis 
(considering all possible disconnections): 


wee (a y-lactone) 
O O 

= _ _ 
Hint: SL N= “0X, 0.H 
L o~ ~O OH | 


17. Outline the syntheses of the following target molecules with proper retrosynthetic 


analysis (involving reconnection): 
CO.H 


COH 
(a) ean (b) HO 03H @) O={_ 0H 


O 


O O 
(d) Ch ™ Ce " Ph 009 


18. How would you carry out protection and deprotection of (i) terminal alkynes (an 
active C—H bond) and (ii) carbon—carbon double bond? 


TMS—Cl 1. AgNO; 


Hint: (i) R-C=C—H —“S' > R-c=c—TMs 22 
L (protection) (deprotection) 


R—-C=CH <#° — p_ c=c°K® 


O 

/ MCPBA N¢é Ye gn-Nal_» \o_o~ 

(protection) ~ \.  CH;COOH ~ “7 YN 
(deprotection) 


(i) SC=C 
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19. How would you carry out the following conversions using suitable protective groups 


20. 


wherever necessary? 


O O OH OMe 
(a) = —> ie oO) — 
CO,H OH ~OH OH 
O O 0 
—. 
(c) —_ aan (d) cog CO2H 
COOCH; 
OH OH 
@ = > = j= —> HO,C—= 
Con ») OH ‘OH OH 
OH 
OH OH OH 
(g) er —_ and (h) “ —_-> Mn, 
OH 5) 
Gj) HyN-~ CHO > nC 
O OH 
0 Coco 
O O 


Presence of multiple functional groups in a compound does not always require 
protection for its chemical transformations and this is because chemoselective 
reagents can bring about the desired conversion. Carry out the following 
transformations using protection—deprotection strategy or suitable chemoselective 
reagents. 


(a) or On 


CO,H 


OH 
wy 1 C0 = gl 2cosn 


O 
© Q eae? CL 
CO,Me CO,Me 


O 
HO 
(d) S eee 1 es 


O O 
Oe ot eo. 


MeO.C 
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O O 
(g) ee. — Aes 
SH S~— Ph 
®) wo SOF — no SOT 


3.2 STRATEGY OF RING SYNTHESIS 


3.2.1 Thermodynamic and Kinetic Factors Involved in Ring Formation 


Intramolecular reactions are generally favoured kinetically over intermolecular reactions 
for reasons of entropy because the two reactive sites are part of the same molecule (entropy 
loss is relatively small) and a bimolecular collision is not required. This favourable entropy 
factor is greatest in three-membered ring formation where the two ends of the substrates 
are always close, and for five-membered ring formation where natural thermal motion 
brings the reactive sites into bonding distance. 


Nu~- E ——> io (three-membered ring) 


i E Nu—E 


(five-membered ring) 
ye 


Six-membered ring formation takes places at a reasonable rate because in this case 
rotation brings the reactive sites very close to each other, and before bond formation, a 
folding of the chain is required. 


H 
H 


Nae yeas are ( Nu 7 7 (six-membered ring) 
R 


The rate of four-membered ring formation is usually very slow, because even in the best 
conformation for cyclization (the syn-periplanar conformation), the reactive sites do not 
come into bonding distance. 


a: Nu—E 
ak = NG? —" (four-membered ring) 
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The six-membered ring is, however, much favoured thermodynamically because it 
exists predominantly in chair conformation with all groups staggered (specially if 
large substituents occupy equatorial positions). Five-membered rings are also stable 
thermodynamically, but three- and four-membered rings are thermodynamically less 
stable and this is because they suffer from angle strain (bond angles of three- and four- 
membered rings are 60° and 90°, respectively, instead of the usual 109.5° for sp® and 
120° for sp” atoms. The following table gives a summary of factors affecting formation of 
various sized rings. 


Factors affecting ring formation 


Size of the ring Kinetic factors Thermodynamic factors 
Three-membered VIS Xx 
Four-membered x x 
Five-membered VS v 
Six-membered v VS 


Taking both kinetic and thermodynamic factors into account, five- and six-membered 
rings are easy to make, and three-membered rings are also easy to make. However, they 
often break down again under the condition of their formation. Four-membered rings are 
difficult to make and often requires special methods. 


3.2.2 Synthesis of Three-, Four-, Five- and Six-membered Saturated Heterocycles 
3.2.2.1 Three-membered rings 


Most of the three-membered rings are synthesized by insertion reactions involving 
formation of two bonds in a single step. Epoxides are usually made from alkenes, hence 
both of the C—O bonds can be disconnected at once. The reagent for epoxidation is a 
peracid (e.g., MCPBA). The synthesis of the epoxide (1), for example, can be designed as 
follows. 


Retrosynthetic analysis 


Synthesis 


a “ —> TM() 


Disconnection of one C—C and one C—O bond suggests a carbene intermediate and this 
style of disconnection is important of the epoxides of a,$-unsaturated carbonyl compounds. 
The synthesis of the epoxide (2) can be designed as follows: 
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Retrosynthetic analysis 


Q CO,Et C—O and C—C - 
—— 0+ CHCO,Et 


TM(2) 


Synthesis 


In the Darzenes reaction the halo ester CICH,CO,Et is used as a reagent for the carbene; 
a carbene is not actually an intermediate. 


H H*.... #8 © [N 
cit, OFt NaOEt , ory OFt — wot |S 


Ib 0° O | 


TM(2) oe. x on 


The same disconnection of a carbon atom is also helpful for epoxides containing no carbonyl 
substituent. The reagent here is a nucleophilic carbene equivalent, e.g., a sulphur ylide. 
The synthesis of the epoxide (3), e.g., can be designed as follows. 


Retrosynthetic analysis 


(S) 
aes ae ® 
ah n - £=Oan 0=€ PA. + GH, = GH,— SMe, 
———<—<— 


TM(3) 
Synthesis 
i eye 
7 CAs G a | @-—Fhy fh @) 
Me,S: — Me chs —CH,I —_ Me,$ CH, >Me.S CH, 


°. 
TM(3)<——= OCG 


One C—O disconnection followed by a C—C disconnection leads to an o-chloro ketone (a 
good starting material). The synthesis of the epoxide (4), e.g., can be designed as follows. 


Retrosynthetic analysis 


ste s C 


APs Se Ag BS ae + 0 


TM(4) 
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Synthesis 
i. Oo te 
Mg a, Ty 0H 
AB eee MgBr Cl ~s,2 TM) 


3.2.2.2 Four-membered rings 


It is much difficult to make four-membered rings. The normal cyclisation process often 
give poor results but is sometimes successful. Straightforward C—N disconnection of a 
cyclic amine suggests a 1,3-dibromide as the starting material which can be prepared 
from a readily available lactone. The synthesis of the cyclic amine (5), for example, can be 
designed as follows. 


Retrosynthetic analysis 


CO,Me CO,Me a 
f oe C—N Br + NH, 
—-N 
Br 
TM(5) 
Synthesis 
CO,Me 
1. Br,/red P B NH, 
{ <0 1. MeOH ca. . CH,CN TMS) 
O Br 
| Mechanism: 
‘Br: 
LON 
CBr i ‘~ P—Br 
Oa ol) orpr, aU 
0} Br OQ 7 
2 je 
Br 
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In much favourable cases, four-membered cyclic ethers can also be prepared by cyclisation. 
Disconnection of one C—O bond leads to a 1,3-diol of which the primary alcoholic group is 
converted into a good leaving group. The synthesis of the cyclic ether (6), for example, can 
be designed as follows. 


Retrosynthetic analysis 


Synthesis 


3.2.2.3 Five-membered rings 


Due to both kinetic and thermodynamic advantages, five-membered rings are easiest 
to make by cyclisation reaction. Hydroxy acids, for example, cannot usually be isolated. 
Although the carboxylate ion is stable, on acidification, it undergoes ready cyclisation to 


yield lactones. 
H,0® i 
<__ ‘coo? —— |< _ co,8| —> (\ 
OH OH / 


6 O 


The strategy for the synthesis of five-membered heterocycles involves disconnection of 
both the C—X bonds and identification of the electrophilic carbon fragment needed to add 
to the nucleophilic heteroatom. The synthesis of the cyclic sulphide (7), for example, can 
be designed as follows. It requires a cis-dihalide which comes from cis-butenediol. 


Retrosynthetic analysis 
a C—S a FGI a 
{ os ° HO ye 
TM(7) 


Synthesis 


2 Gon ae gy co) => TM) 


It is often very much easy to identify a readily available fragment when there are two 
heteroatoms in the ring. Disconnection of the following target molecule (8) reveals 
hydrazine and a keto ester. 
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Retrosynthetic analysis 


HN—NH 


C—N al b = 
O 
COE), + L ve aad + EtO,C 
O 


Disconnection (b) is ambiguous as one of the esters can self-condense. Disconnection (a), 
on the other hand, is not ambiguous as only the required product can form a stable enolate 
ion. 


ae 


Synthesis 


NEN. TM(8) 


OEP. O 
KA Nt NaH + oan 
EtO,C 
O 


1,3-Dipolar cycloaddition is a special method for the synthesis of five-membered rings. 
This is like a Diels-Alder reaction with the diene replaced by a three atom 1,3-dipolar 
system (a four electron unit). The synthesis of the compound (9), for example, can be 
designed as follows. 


Retrosynthetic analysis 


CO,Et CH 
: C—CandC—N, 6 | CO,Et 
sss 
N + C 


TM(9) NY 
Synthesis 


3.2.2.4 Six-membered rings 


Cyclisation reactions can be employed for the synthesis of six-membered rings since both 
entropy and kinetic factors favour their formation. Where the heteroatom is bonded to 
carbon atoms at different oxidation levels, the best order of events is to disconnect X— 
C=O first and X—C,, last. 
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: x’ “O HX O° OEt 

A 

pate o-x 

qo Ck of 

BS Xx’ -R HX O R 

BB _ 

Plo. Th 
xX oR HX Hal FR 


If this order of events is followed, disconnection (a) on the target molecule (10) should 
come first. This reveals a symmetrical amino ketone. Disconnection of the C—C bond after 
an FGI gives simpler starting compounds. 


Retrosynthetic analysis 


H 
iN Ph CN, H,N 7720 rat NCELLO 
CA Ph (a) LS p= reduction a aan 
O O 


O 
TM(10) ees 
O 0° 1,3-diCO Ph~20 i 
<> bs 
on ole —— Ton K 
O 
Synthesis 
O 1. NaOEt cee. nolo 
— 
9 ak eee... Ph 
, oy ok ois * (Michael) if 
(Claisen) TM(10) H./Raney Ni 
MeOH 


When a ring contains two heteroatoms, it is useful to look for a fragment containing both 
of them. The nucleic acid base uracil, for example, can be disconnected to urea and a 
suitable electrophilic fragment. Michael addition to an electrophilic acetylene is a suitable 
reaction in this case. 


Retrosynthetic analysis 
N20 see xX — OH 
ne C—N G A — 


TM(11) 
(Uracil) 
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Synthesis 


al de a a> TM(11) 


3.2.3 Synthesis of Three, pais Five- and Six-membered Carbocyclic Rings 
3.2.3.1 Three-membered rings 


Since the alkylation of carbonyl compounds is generally irreversible and kinetically 
favourable, it yields three-membered rings without control. The synthesis of the cyclopropyl 
ketone (12), for example, can be designed as follows. 


Retrosynthetic analysis 


O O 
P / 1,2:6—C Be : ( FGI HO Os / 
TM(12) io 20—C 


fe) 
1:2 2 C 
CHyr + Et0,C — EtO,C alee oT + 


Synthesis 
O O 
4 1. NaOEt 1. NaOEt 
AL co,8t San A cows ANOS p 
2.7 
O HBr 
TM(12) <2 Ar a 
|Mechanism: 
an) 
O CR. uc? 
OEt? eS 
A c0,Rt A cost —— J COt —> 2 O 
Oo! 
HBr 
H Pi 
O OH 
oH tes ey 
A Br 2 AC Pm) Br <—— . -- © 
Br Br 
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A reagent for a carbene with one carbonyl group is required for a similar disconnection of 
cyclopropyl ketones. This can be supplied as a diazoketone obtained from acid chloride and 
diazomethane. The synthesis of the cyclopropyl ketone (13), for example, can be designed 
as follows. 


Retrosynthetic analysis 


6 0 O 
jeane —> || + CH = N,CH~ 
TM(13) 


Synthesis 


O CH,N, O ny _ HC ak CH,=CH, 


dhe n,cHOS or Ag(I) 


A diazoketone 


> TM(13) 


(Carbene insertion) 


The best carbene source is CHI, with zinc-copper couple, i.e., ICH,ZnI (a carbenoid) used 
in Simmons—Smith reaction. Because of H-bonding, the reagent is much effective when 
reacts with allylic alcohols. The reaction is stereoselective. The synthesis of the alcohol 
(14), for example, can be designed as follows. 


Retrosynthetic analysis 


es OH =—> es +CH, = [CH,I, + Cu—Znl 


TM(14) 
Synthesis 
CH,I, 
eo Oit Cu—Zn a 


3.2.3.2 Four-membered Rings 


A special method involving photochemical [2 + 2] cyclo-addition reaction is often used to 
synthesize four-membered rings which are difficult to be formed. 


hv . . ; 
pa " pa Eeean (a pericyclic reaction) 


~N 


The reaction takes place smoothly when one alkene conjugated like an enone. The synthesis 
of the bicyclic compound (15), for example, can be designed as follows. 
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Retrosynthetic analysis 


OH O 
[2 + 2] 7 
ne —= at || 
H ap 
TM(15 nM 
(15) 6 


Synthesis 
O O O 
O° ea, OA Me,NH 7 
HN (Aldol) Ewe Ss NaOEt 0 AcOH” a TM (15) 


(Michael) 


There are some rare ionic reactions which are also useful for the synthesis of four-membered 
rings. The target molecule (16) and (17), for example, can be synthesized from readily 
available starting materials like diethyl malonate (DEM) and adipic acid, respectively. 


Retrosynthetic analysis 


CO,H 
ae B ce) CO.Et 
| ae EY "4 CH,CO.H = a. 
Br CO,Et 
TM(16) DEM 


Synthesis 
CO,Et 


Br CH (CO,Et), mi . 
NaOEt NaOEt CO.Et 1. dil. KOH 
Cc Br CHa(COsEbs co Be oe a 0% TM (16) 


Retrosynthetic analysis 


CO.Me CO.Me CO.H 
me ce 
=—> B => 
L 7 
CO,Me CO.Me CO.H 
TM (17) 
Synthesis 
—— 
~ CO B NaH/DMF 
1. SOC] r a. > 
2. Brg . Br Sy2 & E2 T™ (17) 
CO,Me 


Adipic acid 
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An alternative method for synthesizing four-membered rings involves ring expansion 
of the strained three-membered rings. Release of some strain (60° — 90°) is actually 
the driving force for the reaction. The synthesis of 2,2-dimethylcyclo-butanone (18), for 
example, can be designed as follows. 


Retrosynthetic analysis 


(being unsymmetrical 
not very promising) 


O 
a OH OH 
® 
T™ as) > KK] —- >=0 + Mey -X] 
O 


Synthesis 


H 
on ® Ae a & 
Me,S + PScpe —=-2 Me.S Bre —> Me.S = 
| ie 
H® 
OMS) *— ae 


[Mechanism of the rearrangement step: 


PI Sig me 


®0 
H °0H 


3.2.3.3 Five-membered rings 


Since the formation of five-membered rings is favourable both kinetically and 
thermodynamically, these can be easily synthesized by conventional methods (making 
use of carbonyl chemistry) as follows: 


(a) Using 1,4-dicarbonyl compounds Carbonyl condensation involving 1,4-dicarbonyl 
compounds is one of the potential routes to five-membered rings. This is often called 
cyclopentaannelation. 
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The synthesis of the cyclopentanone (19) with proper retrosynthetic analysis may be given 
as follows. 


Retrosynthetic analysis 


CHO O 
wi, — a, cH t= 
O 


O 


Brg) 


O or 
TM (19) Br~_-F 
The enamine of the aldehyde is used to ensure control 
Synthesis 
NMe B 2+ 
, CHO _ - ‘ ae “~fo8 TP = ) AN 
H H,0® > H,0 ~ 
CHO O 
«on? | 
TM(19) (Aldol) 


(b) Using 1,5-dicarbonyl compounds Five-membered rings can be synthesized from 
1,5-diesters by acyloin condensation in the presence of trimethylsilyl chloride (to protect 
the oxygen-sensitive ene-diol). The retrosynthetic analysis and the designed synthesis of 
the acyloin (20), for example, may be outlined as follows. 


O fe) 
acyloin p= Ea 1,5-diCO Wc CO2Et + i aeiel 
Obi CO,Et o 
CO,Et 
TM (20) 


H fe) 
—_L + CH,CO,Et CO2Et 
O I 


CO,Et 
Synthesis 


H  ¢H,(CO,Et), eee CH,(CO,Et), mi0,0~ L_-co,th 


oo Ei,N NaOEt 
O CO,Et EtO,C CO,Et 


oo 1. dil. KOH 
TM (20) <xatene Sis A A 2. H,0°/A 


EtO,C CO,Et HO,C CO,H 
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(c) Using 1,6-dicarbonyl compounds Cyclopentanone and its 2-alkyl derivatives can 
be synthesized from adipic ester (a 1,6-dicarbonyl system) and hence, from adipic acid. 
Synthesis of 2-benzylcyclopentanone (21), for example, can be designed as follows. 


Retrosynthetic analysis 


oh ad 


TM (21) le 3-diCO 
CO.H ee 
(00H <= feos 
Synthesis 
O 
CO,H CO.Et 
: EtOH ‘ NaOEt CO,Et 
CO.H ys CO,Et “Fon” 
Adipic acid 
~~ 


TM @1y <-aLn Pk Cpr & coat 
2. H30°/A ae so 


Five-membered rings can also be prepared by pericyclic reactions. 


(a) Using electrocyclic reactions Pentadienyl cations undergo thermal cyclization to 
cyclopentenyl cations in a conrotatory fashion (a symmetry allowed process involving 
4n electron system). Cyclopentenones can be synthesized from dienones by applying this 
approach. The synthesis of the cyclopentenone (22), for example, can be designed as follows. 


shack 


TM (22) 


Retrosynthetic analysis 
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® a 
:O: OH OH 
us Z conrotatory 
|| —> | <_+ aa ring-closure 
() 
TM (22) <t2utom oh = ore 


(b) Using sigmatropic rearrangements Vinylcyclopropanes rearranges to give sane 
when heated. This [1,3] sigmatropic shift is a disallowed process. Even though it occurs 
because the reaction is very favourable in enthalpy terms. 


2 3 
QO 
1 


The usual way to see the disconnection is to reverse the reaction. The retrosynthetic 
analysis and the designed synthesis of the cyclopentanone (23) may be outlined as follows. 


Synthesis 


Retrosynthetic analysis 


O 20 
[1,3] a, B 0 CHO 
Qe DX, & Lx 
Ph Ph 
Ph 


T™T™ (23) | anotto 
vn FGI < CHO Br 
+ Br=~ 
Ph Ph 
Synthesis 
< CN 1 base De 1. i-BH, AIH (DIBAL) pe 
ao 
Ph 2. Bee Ph 2. H;0° Ph 
O 
Il co, Et 


NaOEt |(EtO), P 


CO,H CO,Et 
S 
go C 1. MeLi OH ¢ OH/HO 
TM (29) © a eemangement) (rearrangement) 2. aq. <o aq. NHCL am DS Ph 
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3.2.3.4 Six-membered rings 


The three general methods for synthesizing aliphatic six-membered rings are as follows: 
(a) Diels—Alder reaction 
(b) Carbonyl condensations (Robinson annelation) 
(c) Reduction of aromatic compounds: (i) total reduction and (ii) partial reduction 
(Birch reduction) 
[For (a) and (b), see sections 3.1.10.1 and 3.1.10.3, respectively] 
A benzene derivative can be totally reduced to a cyclohexane ring in the presence of an 
active catalyst under pressure. The synthesis of the acid (24), for example, can be designed 
as follows. 


Retrosynthetic analysis 


TM (24) 
C=C lnm 


Ph7-SCN + Bro SB 


Synthesis 


Oo 
Ph-~CN —_ a OD ars ws Ox: pio? TM (24) 
2. Br-~— CN HO,C 


A cyclohexane ring with two remote substituents can be synthesized from a para 
disubstituted aromatic compound which, in turn, can easily be synthesized from a 
monosubstituted compound by making use of the directing influence of the substituent 
already present. The synthesis of the ketone (25) with proper retrosynthetic analysis may 
be outlined as follows. 


Retrosynthetic analysis 


TM (25) 


~ Le/sion ci/alcl, _HYNi, Cr0/A6OH CrO/ACOH . ayy (95) 
or Shit H 


Synthesis 
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As C—N disconnection is obvious in aromatic compounds but not in aliphatic compound, 
this type of approach becomes very useful in the synthesis of amine derivatives. The 
synthesis of the amine (26), for example, can be designed as follows. 


Retrosynthetic analysis 


NH, NH, NO, 
FGA FGI C-N C-O 
OO Be OSS Oe O + Bra ~~ 
reduction nitration propylation 
TM (26) 
Synthesis 
O7™ O7™ 
1. OH® conc. HNO; Sn/HCl Hy 
oe Py Br7~~ Ayes, conc. cane ESO,” ©) Ni TM (26) 
NO, NH, 


In Birch reduction, partial reduction of aromatic compounds leading to the formation of 
non-conjugated dienes takes place. In the product, the electron-withdrawing substituent 
remains attached with the saturated carbon atom while electron-releasing substituent 
remains attached with the double-bonded carbon. The most useful application of this 
method is that the substituents present in a six-membered ring can be easily introduced 
in the aromatic ring because of right orientations. The retrosynthetic analysis and an 
efficient synthesis of the ketone (27) may be outlined as follows. 


Retrosynthetic analysis 


O rca. MeO rca MeO 
(Birch) 
F-C 


TM (27) 
OH O-+-Me 
oe 2s 
O ether + Br 
Synthesis 
OH OMe OMe 


O CH,N,/ether O Brow Na/NHs3 (J) 
or Me,S0,/OH® AIC], t-BuOH 
H;0° 
TM (27) == = ge e 
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3.2.4 Synthesis of Large Rings: Applicaton of High Dilution Technique 


When acetic acid is heated, no intermolecular reaction occurs to form acetic anhydride. 
However, when phthalic acid is heated, it undergoes intramolecular reaction readily to 
yield phthalic anhydride. 


I 1 a, L tt 
C ia C : GG + H,O 
H,C~ ~ofH HO} ~cH, ov. H3C~~O- “CH, ~ 
Acetic acid reaction) Acetic anhydride 
(not formed) 
O O 
] A 
ge > OL 
> H,O 
OL (Intra- a ee 
T molecular iI 
O reaction O | 
Phthalic acid ciececrares 
anhydride 


In fact, an intramolecular reaction is both thermodynamically and kinetically more 
favourable than an intermolecular reaction. This can be explained as follows: 


(i) Thermodynamic preference In an intermolecular reaction, two product molecules are 
formed from every two reactant molecules. As a consequence, the amount of disorder, i.e., 
the entropy of the system remains almost unchanged. However, in an intramolecular 
reaction, two product molecules are formed from one reactant molecule. Consequently, 
the amount of disorder, i.e., the entropy of the system increases. Thus, an intramolecular 
reaction is entropically favourable than an intermolecular reaction. The formation of acetic 
anhydride, for example, is entropically unfavourable (AS° = 0), whereas the formation of 
phthalic anhydride is entropically favourable (AS° = +ve). Since AG° = AH® — TAS°, AG° 
in an intramolecular reaction is more negative than that of an intermolecular reaction 
and therefore, an intramolecular reaction is thermodynamically more favourable than an 
intermolecular reaction. 


(ii) Kinetic preference The kinetic preference of a reaction is related to the activation 
energy (AG*) of the reaction. If AG* is more positive, the transition state is less stable and 
the reaction occurs at a slower rate. However, if AG* is less positive, the transition state is 
more stable and the reaction takes place at a faster rate. Now, in an intermolecular reaction, 
two separate molecules form the single activated complex or transition state leading to 
a larger decrease in entropy of activation, i.e. AS* is more negative for an intermolecular 
reaction. However, in the case of an intramolecular reaction, AS* is less negative as a 
single molecule forms a single activated complex. Now, AG* = AH* — TAS". Therefore, AG* 
of an intermolecular reaction is more positive than that of an intramolecular reaction. So, 
an intramolecular reaction is kinetically more preferred over an intermolecular reaction. 
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However, when a large ring compound is synthesized from an a, w-bifunctional compound, 
the flexibility of the molecule decreases largely on going from the reactant to the 
product. Thus, AS° is not so positive and therefore, such an intramolecular reaction is 
thermodynamically less favourable. Also, the flexibility of the molecule decreases largely 
on going from reactant to the activated complex. Thus, AS* is more negative and therefore, 
such an intramolecular reaction is also kinetically less favourable. Therefore, some 
problem arises in synthesizing large ring compounds and this can be solved by the ‘High 
Dilution Technique’. 


According to the high dilution principle, by using sufficiently dilute solution of a substrate 
(acyclic precursors like diester, dicyanide, bromo acid, acyl chloride of benzene derivatives, 
etc.), the distance between different molecules can be made greater than the distance 
between the two functional groups of the same molecule. As a result, cyclic compound is 
formed instead of linear condensation product (a likely result in concentrated solution). 


An intramolecular reaction: 


a 

x ye x oY 

Lae 

-% 
Now, the rate of the reaction = k,,4,, x [X Y] x [condensing agent] 
An intermolecular reaction: 

as , Ss , A i ie 
X Y+X yx y x y¥ 


Now, the rate of the reaction = k,,,,,* [XY]? x [condensing agent! 


Rate of the intramolecular reaction — Kintra a 


. SN 
inter [X—Y] 


Rate of the intermolecular reaction k 


Therefore, a low concentration of the substrate is expected to favour the intramolecular 
reaction. 


The high dilution technique involves introduction of the acyclic precursor very slowly 
into the reaction medium so that its concentration is always very low 10~°(M) or less. At 
this concentration, the probability of intermolecular reaction is greatly reduced as the 
molecules then remain far apart from each other. Under such high dilution conditions, 
Dickmann or related reactions give acceptable yields of medium and large ring compounds. 


Examples of syntheses carried out by high dilution technique: 
1. Synthesis of ketone from diester: 


O O 
CO.Et oe : 
aan Me,COK dil. HCl 
(CHa)ia_ -CO,Et re (CHG —_ (CHy) 32 
(Dieckmann) CO.Et 


(48%) 
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2. Synthesis of ketone from dicyanide: 
NH 
II NH» 


CN 
Me 
CHa on PEAS cH \ 4 = cH 


ether 
O 
A H;0° 
(CH), 


A 


n = 5, 95% yield 
n = 6, 88% yield 
n = 12, 60-80% yield 


So @ 
Since PhEtN1Li is a highly hindered base, its reaction as a nucleophile with the 
—CN group is minimised. 
3. Synthesis of lactone from bromoacid: 
Br 


_K,COs 


Ye OH “\ecort ” 


(CHa) (CH) > 


a 


ieee) 
4. Aromatic ketone from acyl chloride by Friedel-Craft reaction: 


O 


AICl; 
PhNO, 


(CH,)n—COCI 


(CH,)n 


= 8-10 


Po SOLVED PROBLEMS 


1. Outline the synthesis of the following target molecules with proper 
retrosynthetic analysis. 


e) O O 
a Cc N 
O TM (1) TM (2) y 
- (3) 
Ph 
CO,M 
@ Crom CI oe 
y | 0 TM (6) 
Et Et 


TM (4) TM (5) 


Organic Chemistry: A Modern Approach 


Oe hic sabato antipope teas tls ene Irae eneenabene OO ee. 
NO, 
HN 
. OR ® pA @ all 
¢ 1 
O O N Oo” N- SO 
TM (7) ie 
TM (8) TM (9) 
Solution 


(a) Retrosynthetic analysis 


TM (1) 
Synthesis 


a 1. 2 TM (1) 


eae 
(b) Retrosynthetic analysis 
ne 
H.N 
C—O 2 OEt 
and C—N \ 

OEt 

TM (2) low 


O 
NHs3 + / \ 
OH NH cooEt, 
Le a — J 4 base TM (2) 


(c) Retrosynthetic analysis 


O O 
o FGA ean 13-dico EtO,C CO,Et 
are f 


TM (3) 


Synthesis 


C—N]| 1,3-dix 


CO,Et 
o—/ * NH, 
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Because of ready availability of the starting materials (benzyl amine and ethyl 
acrylate), the synthesis is easy and straight forward. 
Synthesis 


O 


EtO.C CO,Et Ceo 
CO.Et NaOEt 
+ 2=/ “Wichach? poe NoOFtS AN 


NH, 2 J J 


1. OH7H,0 
EG H,0°%A 
(d) Retrosynthetic analysis 

Ph Ph _ 
ic 2xC=N, @ hs 15-diC0,. a ; 7 in 

) + a CHO O 

~~ ) 

TM (4) 

Synthesis 

CO,Me —™~NH CO,Me Pho CHO 
ea -— pa piperidine, EtOH, reflux > TM (4) 
NH 


(e) Retrosynthetic analysis 


1,2 C—C 1,3 C—C — 

anes ————— ee ——= \ + 
N O N O (A 
Z (5) y » 
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(nucleophilic) 


O _ O O oar 
Boc. I= + Kh => 20 


Synthesis 


o O 
0 e O oom 
HP 1, NaOEt, 1,0, 
AL Eos 2. H,0°/heat - Oh on TM (6) 


(g) Retrosynthetic analysis 


O O 
O O O O 
TM (7) | 


MeO,C 


H ee 1,5-diCO ie - 1,5-diCO er 
+~ “CO,Me eH << * 
O 
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Synthesis 


O MeO,C MeO,C 
1. MeyNH/H® OHC 1. Me,NH/H® OHC 
od a 
we 2.7~CO,Me so eee y= 
O 
O 
Z H,N HN paces MeO,C 
TM (1) <a LLiAIH, O << it 
= © <2. H,0° C aoe O 
O 


(h) Retrosynthetic analysis 


C_N C_N /\ 9. FGI fr~™.. 
ee —— RO ane —— HO 5 = BOC OH 
N 


= CH,CO,Et + / \ 
CO,Et 
Synthesis 
O  Eto,c~ co, Et EtO,C 1. dil. KOH a 
Z\ NaOEt 7 ~~ 2. He0°%/A HOC OH 
EtO,C OH 3 


TM (8) <= Et0,C% 9 Br PBrs EtO0.C OH 


(i) Retrosynthetic analysis 


NO, NO, NO, 
CO,Et c_n CO,Et 1,5-dico + CO,Et 
_——=P a 
O* 7N° “O EtO,C CO,Et CO.Et CO.Et 
| + 
Ph PhNH, [a F 
TM (9) 


fe) 
O.N + CH,CO.Et 
2O>-cHo specific enol(ate) 


equivalent needed 
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Synthesis 
ON 
OoN 
7 O 1.HO,C-~™CO.H, pyridine EtO,C ~CO,Et 
= > EtO,C = 
H 2. EtoH/H NaOEt 
(Michael) 
NO, 


CO,Et 
TM (9) <2 2 
Et0,C CO,Et 


2. Using disconnection approach, design a suitable synthesis for each of the 
following target molecules: 


O O 
CO,H 
(a) me (b) () | O 
CO,H 
fe) O 
al CO-CO,M a a) 
OMY 7 : givLe O 
(d) i (e) TC >-co.kt (f) 
Ph ae CO-COMe my (14) O 
TM (15) 
O 
(g) (h) ) cont (i) 0 
aM 1s) TM (17) TM (18) 
Solution 
(a) Retrosynthetic analysis 
COR yG1 COREE Ga “COsEt C-C cons 
2 — 2 
f[ = A> (Boor > [eet 
COj,H CO:Et CO,Et CO.Et 
TM (10) 
[2 c-c 


CO.Et 
leans 0 Et 
2 
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Synthesis 

CO,Et CO,Et CO,Et CO,Et 

Br ott <0, Et CO,Et CO,Et 
Br~7~— PT NaOkt L NaOEt CO,Et 
Br CO,Et 

1. NaOEt 

2: T5/A 

CO,Et 
1. dil. KOH CO,Et 
EM (10) 2. H,0%A CO,Et 

CO,Et 


(b) Retrosynthetic analysis 


0 0 
CO,Et 
FGA 1,3-diCO 2 
=. FOL co,Et 2S, A. 
Et0,C CO,Et 


O O 

TM(11) 1,5-diCO 
CO;Et 1,5-diCO f 
CO.Et 2 
CO.,Et 


NaOEt 
(Michael) 


(Michael) CO,Et 
dil. HCl C <<> CO,Et NaOEt 
O 


Synthesis 
EtO,C ~ ~CO,E EtO,C C ee 
10, 2B Cojnt Blt, BtO. ere 
ee EtO,C CO,Et 


TM (11) -——, EtO2 (Dieckmann) 


(c) Retrosynthetic analysis 


0 O O O 
FGI D-A a= 
N) O O O 


TM (12) 
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Synthesis 
me t r Br. Bs _base 
2 ase 
SL Crp Sore: sap 
O O 
TM (12) <_”” 
[2 + 2] 
(d) Retrosynthetic analysis 
Ph. __#CO-CO.Me a lia 
rh ——e CO.CO,Me wb» PhCHO 
Ph°* CO-CO,M Ph a 
id e MeCOCO,Me 
aka 
O O 


Bie CoH 2ROH, PhCHO, we MeOH 


ROH COZ —je > Ph —~"co,Me YS TM (13) 


(e) Retrosynthetic analysis 


O O : 
‘ t&co.Et = TI + GHCO,Et = N,CHCO,Et 


TM (14) { 
FGI H,NCH,CO,Et 
MeO For MeO For HO 
OE US mo 
(Birch) 
Synthesis 
HO Me,$0,/0H° ne) Li, NH, () ee 
> > 
or CH,N2 t-BuOH 
N,CHCO,Et O H,0° 
TM (14) < 
(NH,CH,CO,Et/HNO,) 


(f) Retrosynthetic analysis 


C é . q / S 1,2-diO FGI N) 
=> ———" 2 0 ——— <x » 


O OH OH 
TM (15) [| c 


H HS 5 S « Br 
Wnt ag > OG ARK 
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Synthesis 


r 
Hono > SS as 
> BOK AE CDOT 
O 


| 1. Mg—Hg/benzene H® 
> > TM (16) 
2.H,O (H,SO,) 
(pinacol 


OH OH rearrangement) 


(g) Retrosynthetic analysis 


° i CO,Et 
O 2 
os fon 27s “OH _ PP <CO,Et 
C-C i 
TM (16) Br Br 
C—C 
CO,Et 
Bem SS Br + < : 
CO,Et 
Synthesis 
nn CO,Et CO.H 
ee EtO,C CO,Et % CO,Et 1. dil. noe ry 
NaOEt 2. H,0%A 
2. Me,CHLi 
TM (16) 
(h) Retrosynthetic analysis 
2x1,2C-C fe) COoEt 
>-CO,H = Br ~~ B_ ++. CH,CO,H= < ‘ 
CO,Et 
TM (17) 
Synthesis 
Et0,C~ CO,Et jae 
2 2 NaOEt 
Ripe BE NaOEt > Br CO.Et 
CO,Et 
dil. CO,Et 
TC SX aE se SS core 
2. H307A CO.Et <> 
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(i) Retrosynthetic analysis 


CHO p. CHO 
OCT b= OCH 824+ CE MERC 
TM(18) 
Synthesis 


H : O 
CHO Ph,S—& 
Ck + r 85 CIC S0 PER, IT me 


3. A skeletal rearrangement is involved in each of the following target 
molecule. Outline their synthesis with proper retrosynthetic analysis. 


CO,Et ON 
(a) CX] oy Oe ONO HO 


TM (19) oo TM (21) 
CO,.M 
@ Cyl (e) 0) 
TM (22) TM (23) 
Solution 
(a) Retrosynthetic analysis 

TM (19) 

aL roe we i oe 
OH OH OH 


The pinacol rearrangement is a useful approach to ¢t-alkyl ketones which are 
otherwise difficult to prepare. Two symmetrical pinacols are generated when the 
rearrangement is drawn in reverse (a and b). 


Synthesis 
Mg/benzene 

[ 0 ) mele (H,S0,) =o 

Ma OH 


TM (19) <—— sal 


(-H,0) 


The Logic of Organic Synthesis 3.223 
ia 


(b) Retrosynthetic analysis 


CO,Et 
Or > UY COC + “CH =CHLN, 


TM (20) [re 


CYS COOH FEL, 7 COnEt 
[pret 


OH 


O 1,3-diO ~Sco Et 
Br——CO,Et + ace : 


The disconnection involves removal of carbene. This corresponds to the Arndt- 
Esistert synthesis (Wolff rearrangement). 
Synthesis 


\—CO H 1. red P, Bry . CO.Et 1.Zn Scout 
att “9 EtOH 2 0? 

Br 2.0 1. OH9H,0 

2. SOCly, Py 


1. CH,N COC]I 
™ 20) <a CI 
(c) Retrosynthetic analysis 


ON OLN CHO 
2 Gy exo = "or +“CH,’=CICH,CO,Et/OEt 
T™M (21) 


The Darzens reaction can be used successfully to synthesize the target molecule 
from the aromatic aldehyde. The disconnection is to remove carbene. 
Synthesis 


O 


O.N: CHO O,.N 


(d) Retrosynthetic analysis 


O 
OMe (Favourskii) crunni, ASO Cl cc wd 


TM (22) 


(e) 
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The disconnection is best seen when reverse the Favorskii rearrangement. 
Synthesis 


O O ae 
Cl, Cl NEG ae , Me 
AcOH — ene 
CO,Me Mec? 
TM (22) <MeH ca 


Retrosynthetic analysis 


1 0 
S ——> c + “CH,” = CH,Np 


TM (23) 
Diazomethane converts a ketone to its next higher homolog. 
Synthesis 
OQ cH 
< taf, oo TM (23) 
4, Using disconnection approach, design a convenient synthesis for each of 
the following target molecules: 
O O 
O 
(b) © Scr 
O 
TM (25) TM (26) 
TM (24) 
O 
O O 
TM (27) TM (28) TM (29) 
Solution 
(a) Retrosynthetic analysis 
O OSiMe; OSiMes O 
a a aa 7 a oa + Me;SiCV/Et,N 
O 
O O 


TM (24) 
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Synthesis 
OSiMe3 OSiMe3 
aie i 
Me;SiCl AgF 
= el sae TM (24) 
O 


(b) Retrosynthetic analysis 


O O O 
CO.Et |. Sie 
oe FGA eid 1,3-diCO a CO,Et 


TM (25) | 
2EtO,C— ~CO,Et = 2CH,CO,Et + Bh-~~ Br 
Synthesis 
CO,Et COEt 
2EtO,C~ ~CO,Et 1. dil. KOH 
Bro ~~ ~Br “NadEt > ~HtO2C COsEt 750%/A 
O 
CO,Et 


e NaOkt Ei.C- = SCO EE a HO,.C "COLA 


1. dil. KOH TM (25) 


2. H,0°/A 


(c) Retrosynthetic analysis 


O a, B tCrr 1,5-diCO Z O 
ees — —— Sa Ly 
O 00 Oo oO 


TM (26) la 


cor 
HO 


Synthesis 
OH , H/Ni O 1 NaoEt O 
ao 2. CrO,/AcOH > 4 


aS 
2 
“Ty oo 
Ly-Jacou 
H 
TM (26) 
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OMeO OMe O 
Me,SiO Me,SiO 
TM (27) FGI 
OMe 
CHO a, 2 
A ae 
O O 
Synthesis 
OMe OMe As OMeQ 
i CH,N2 £ EtsN ie 
Me;SiCl tS 
O O Me,SiO Me,SiO 
OMeO H,O% 
TM (27) <=MeOQH_ <—_! 
HO 


(e) Retrosynthetic analysis 


CO,Et 
Br 
ete So Bro + 2EtO,0-Yy~ 
CO,Et oY a 


TM (28) 
Synthesis 
EtO,.C COCH EtO o COCH 
2 EtO,C 2 3 2 3 
_~ Br ° wy 1. NaOEt 
Br NaOEt 9. Bro7~ Br 
EtO.C COCHs, ne COCHs 


<“Hcl 2. H,07A 


T™ (28) <2 is. Zn—Hg cS 1. dil. KOH 
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CHBr, 
O O O OH 
TM (29) FGI 
D—A 
“TOL ae ht Ce CIOL CIO oe 
OMe 
Synthesis 
Br NaN _HyPd, 
IO osm? OL —_ J LO). Ol. 
| HI 
CHBr» 


TM (29) 1. Rahey Ni/H, Ch NaBH;,CN Cr oe C TOL 
9. CrO./AcOH OH 
O O OH 
5. Using disconnection approach, design a suitable synthesis of the following 
compound: 


O 
O 


TM (30) 


Solution This cage-like structure contains six-, five- and four-membered rings. We are 
interested with the four-membered rings and can disconnect this in two ways (a, b): 


@B~ Q- oy 


TM (30) 


We could continue with B by disconnecting the a,f-unsaturated carbonyl groups, but the 
intermediate A is recognised as a Diels—Alder adduct, and this is, in fact, the shorter 
route. Also, both of these two starting materials are readily available. 
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p O 
*O+ oO 
© O 
Adduct Diene Dienophile 
Synthesis 
O O 
OO ——=> —tYs TM (30) 
O O 


6. Based on disconnection approach, give a convenient synthesis of the 
following hydrocarbon: 


(TM 31) 
Twistane 
Solution 
Retrosynthetic analysis 
H 
3 MeSO,O.,, i 
FGA ‘ “Mp + 
28, of CIO 
HO 
(TM 31) 
[= 
H 


O29 O i 
QoS eo 
O O 10 


1,5-diCO 


"e eo 
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wis OU NTI A cap sd ial diated tl eased dincab ates banc actinesdile: 3.229 
Synthesis 
O O 0.3% Nu/AcoH |= O. 
a nn a > TO 
—~ 
O O O 
ee 
H 
MeSO,0., : 
“ny, = go Cl = 1. H,/Catalyst 
NaOEt : E <—S.N : 2. HO <—Ta.. re 
10 


(the ee 
Zn-Hg and more reactive 
O EOL TM (31) C=O is protected) 


7. Give the mechanism of the following reaction leading to the formation of 
a cyclic ether and explain why it is carried out at higher dilution. 


Br ele Na/p-xylene 
Tae Ee 
OH (high dilution) 


O 


Solution The mechanism of the reaction is as follows: 


Br Na/p-xylene Sy2 
ee (high dilution) brs ye (-NaBr) Sor ~ 
Na:0° 
The reaction is carried out at high dilution because under such conditions the intermolecular 
distance becomes greater than the intramolecular reactive sites and as a result, cyclization 
occurs instead of polymerization (a likely result in concentrated solution) as shown below: 


STUDY PROBLEMS 


1. Outline the synthesis of each of the following target molecules with proper 
retrosynthetic analysis: 


= : 
TM (1) 


TM (3) 
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O Ph O 
TM (4) TM (5) 
pe h 
® A, 7 ee ee 
TM (7) TM (8) 


Based on disconnection approach, give a convenient synthesis of each of the 
following target molecules. 


O 
R 
(a) (b) 4: (c) 15 
TM (9) TM (11) 


TM (10) 
O OMe 
: oS 0h 
O O Me 
TM (14) 
TM (12) TM (13) 
CO,Et O 
(g) = en Oo LLY C<>-00uH 
TM (15) TM (16) TM (17) 
0 
MeO 
@) (k) oy a) Roe 
TM (18) mee TM (20) 


Give synthesis of each of the following compounds with proper retrosynthetic 
analysis: 


Ph Ph 


(a) (b) (c) 
TM (21) 


TM (22) 
TM (23) 
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Hint: (b) —> MeMgl + chy fol. ghey 


7 TM (22) CO,Et CO,Et 
[ps 
CO,Et 
Of 
Synthesis 
CO,Et 1. MeMgI 
. + p 210" Z OH 
CO,Et L J 


TM (22) <P cy 


3.3.1 Stereoselective and Stereospecific Reactions 


3.3 ASYMMETRIC SYNTHESIS 


3.3.1.1  Stereoselective Reaction 


A reaction that yields predominantly one stereoisomer (or one pair of enantiomers) of 
several possible diastereoisomers is called a stereoselective reaction. For example, of the 
two isomeric stilbenes trans-stilbene is formed predominantly when 1,2-diphenyl-1- 
chloroethane undergoes dehydrochlorination in the presence of a base. 


Ph H Ph Ph 
H J x Ph <a on Sra ine ed \ H 


trans-stibene he ae cis-stilbene 
(major) (minor) 


1,2-Diphenyl-1-chloroethane 
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3.3.1.2 Stereospecific Reaction 


A stereospecific reaction is one in which the stereochemically different starting compounds 
lead to stereochemically different products. For example, cis-2-butene undergoes 
bromination to give only dl-2,3-dibromobutane while the trans-isomer undergoes 
bromination to give meso-2,3-dibromobutane. Since two diastereoisomeric 2-butenes give 
two different stereoisomeric products, the reaction is a stereospecific one. 


HY V/H Bn 
H.C Ze _ CL CH; trans- trans-addition” H, CHs 


cis-2-Butene 


7 
dl-or (+)-2,3-Dibromobutane 
H,C_ /H _ 
“Vs 6 /CHg Br, Br Bri a 
Hs C J \yH trans-addition Re => : “a 3 
trans-2-Butene plane of 


meso-2,3-Dibromobutane Symmetry 


Based on these definitions of the terms stereospecificity and stereoselectivity, it may be 
concluded that all stereospecific reactions are stereoselective (100%) but all stereoselective 
reactions are not necessarily stereospecific and this is because there are stereoselective 
reactions in which the reactant cannot exist as stereoisomers due to absence of a carbon— 
carbon double bond or a chirality centre. 


A stereoselective reaction is again classified as diastereoselective or enantioselective 
depending on whether the products are diastereoisomers or enantiomers. 


3.3.2 Asymmetric Synthesis 


Reactions in which an achiral and a chiral substrate produce enantiomeric and 
diastereomeric products respectively in unequal amounts are called asymmetric 
synthesis. In fact, asymmetric synthesis is a generalised name of stereoselective reactions 
and therefore, it comprises both enantioselective and diastereoselective reactions. An 
asymmetric synthesis requires the presence of some kind of chiral influence. Therefore, 
the presence of a chiral substrate, reagent, catalyst, solvent or physical force (such as 
circularly polarized light) is required for the preferential formation of one stereoisomer 
(either an enantiomer or a diasteroisomer). The term asymmetric induction is used to 
mean the control of selectivity exerted by the chiral influence. Two typical examples of 
asymmetric synthesis are given as follows. 
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Diastereoisomers 
chirality centre J 


EEAV 7 ere PAs Pi / ee gu 
1. H;C cantttl y SS 2. H,0° HC cea \"" OH H;C caantttt nile Witinn, CH; 
H H CHs H OH 
(R)-2-Phenylpropanal (2R, 3R)-3-Phenyl- (2S, 3R)-3-Phenyl- 
(chiral substrate) 2-butanol 2-butanol 
(major) (minor) 


In this example, preferential attack on one of the diastereotopic faces of the chiral 
aldehyde occurs due to asymmetric induction (intramolecular) caused by the existing 
chirality centre. The reaction is called diastereoselective because it takes place through 
diastereoface differentiation. 


| 


CH,MeCl H H 
2 Uc. Me + ca 4 reduction Me.C ah + Me" a + CH,=C¢ : 
S\- ~ nS Bs 8s Me 
3 *. Me/ oe OMgCl Mec” OMgCl 
Chiral Prochiral (major product) (minor product) 
reagent substrate 


In this reaction, a new chiral centre is created on a prochiral centre by the preferred 
attack on one of the enantiotropic faces by a chiral reagent. The reaction occurs through 
enantioface differentiation and is called enantioselective. It is a case of intermolecular 
asymmetric induction. 

In asymmetric synthesis, the chiral agent plays an active role and be integral to the 
transition state, so that two diasterioisomeric transition states are formed. Competing 
reactions with diastereoisomeric transition states have different activation energies (AG*). 
Because of this, one stereoisomer is produced more rapidly and in excess over the other. 


Cram’s rule Cram’s rule accounts for the preferential formation of one diastereoisomer 
in terms of steric interactions involved in the kinetically controlled addition reactions of 
chiral carbonyl compounds with organometallic and metal hydride reagents. 


According to Cram’s rule, nucleophilic attack on a carbonyl carbon of a chiral carbonyl 
compound like RCOCLMS, where L, M and S stand for large, medium and small groups, 
respectively, will take place from the less hindered side, i.e., from the side of the small 


group(s) in a conformation where the \e=0 group is flanked by the two smaller groups 
(M and S) with the large group (L) remaining eclipsed with R (the open chain model). The 
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C=O group gets complexed with the metal atom of the reagent and in fact, becomes 


effectively the bulkiest group and therefore, it is better to be placed between the two 
smaller groups. A typical Cram’s model is shown below as its Newman projection. 


oe OB Ms, wets 
Ss HO R’ — n 
—- HO—+—R’ g 
L R 9 
M i oa R (major product) 8 
L 5 
be ei s fT. 5 
Be i os 8 OF a a a 
—> —> gai 
(preferred conformation L ; R 
of the chiral ketone) L R (minor product) 


Lithium aluminium hydride (LiAIH,) reduction of (R)-3-phenyl-2-butanone, for example, 
gives threo-3-phenylbutan-2-o0l as the major product (70%). This observation could be 
well rationalised by applying Cram’s rule. The hydride ion (H°) from LiAlH, attacks the 
carbonyl carbon atom from the less hindered side, i.e., from the side of hydrogen (the 
smaller substituent) to give the major product. 


O 
Ph(L) Me H 
(M)Me —-H8) = 


Me~ So 


(R)-3-Phenyl- 
2-butanone 


Ph 
a = Me—+—H 
~ HO—-—H 
Ph Me 
Me threo-3-Phenyl- 
2-butanol 
(major product) 
Ph 
H = Me—l~—H 
= H—-—OH 
Ph Me 
Me erythro-3-Phenyl 
-2-butanol 
(minor product) 


LiAIH, 
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Felkin-Anh model According to the Felkin—Anh model, the lowest energy transition state 
corresponds to a conformation of the carbonyl compound in which the C—L bond (L = 


Large) is perpendicular to the \e=0 group. The attacking nucleophile approaches the 


\ 


carbonyl carbon in a plane perpendicular to the jo=0 part, from the side farthest from 


the C—L bond, maintaining an obtuse angle with \e=0, corresponding to approximately 


tetrahedral angle of Nu—-C—O in the product. Two such conformations may be drawn 
using Newman projection formula. 


I II 
In model I, the R group is flanked by the small group S and the large group L while in 
model II, the R group is flanked by the medium group M and the large group L. From 
steric point of view the model I is, therefore, more preferred than the model II. So, the 
reaction takes place through the conformation I. According to the model I, the formation 
of the major product (diastereoisomer) can be shown as follows: 


Reduction of (R)-PhCHMeCOMe by LiAlH,, for example, takes place by following the 
Felkin-Anh model to give threo-3-phenyl-2-butanol as the major product. 


O Me O OH 
ao t 2 Me Ph 
Me Ph (M)Me ia 

(Me —|—Pht = = 6+ Ph (L) Soe > ar. 

. H:(S)H BO Me 
H(S) i Me Hu 

(R)-3-Pheny]l- Favoured Felkin-Anh threo-3-Pheny]l- 

2-butanone model 2-butanol 


(major product) 


Zimmermann-Traxler model: Stereochemical aspect of aldol addition When two molecules of 
the same achiral aldehydes are involved in aldol addition reaction, a single chirality centre 
is created and the reaction leads to the formation of enantiomeric aldols (racemic mixture). 
However, when an unsymmetrical achiral ketone reacts with an achiral aldehyde, two 
chiral centres are generated in the product and as a result, two diastereoisomeric aldols 
(threo or anti and erythro or syn) are formed. 
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Oo oss sauatastent yastovin teed etoile aia 
O O 
} II Base Oxa-R Oxa-R 
POs eX : 
R CHy5 R” H R |— H . H——R 
An unsymmetrial An aldehyde H—~—— OH H—+— OH 
ketone R” R” 


erythro or syn- threo or anti-aldol 


aldol 
Under thermodynamic conditions involving a weaker base (e.g., OH®), high temperature 
and long reaction time, the (Z)- or (£)-forms of enolate remains in rapid equilibrium and in 
such a case the diastereoselectivity is controlled by the relative stability of the cyclic chair- 
like transition states. This is what is called the Zimmerman-Traxler transition state. 
Only one enantiomer of each product is shown in the following sequence of reactions. 


R R 
RS 8 NaOH. Rp CH _R NaOH W ae. 
| 
H O Rv’ 
(E)- isomer (Let, R’ > Rin (Z)-isomer 
|ec#° priority-according Rc#° 
to the CIP rules) 


Z 


Zimmerman—Traxler 
Transition States 


TS. 
(less stable) 
v 
R. H 
O 
. ON 
R” a 
kh’ 
ll 
Na& QO ONd 
i : 
R’ R ae a R” 
R’ R’ 
lo I 6 
ROA ROA 
H R’ R’——H 
H-+_ONa H—_ONa 
Rk” Rk” 
anti- or threo-form syn- or erythro-form 
(major) (minor) 
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The chair-like transition state (including the metal ion as a member of the six-membered 
ring) leading to the formation of the threo- or anti-aldol has both R’ and R” in approximately 
equatorial positions, whereas in that leading to the erythro- or syn-aldol R’ assumes 
the less stable axial position. Since the T.S. leading to the anti-aldol possesses lower 
energy, it will be formed at a faster rate and as a consequence, it predominates in the 
product mixture. This type of diastereoselectivity is due to thermodynamic control. The 
reaction can also be made to proceed through kinetic control by using very strong base 
like LDA, low temperature, and short reaction time. Under such conditions, (Z)-enolate 
is formed rapidly (almost irreversibly) and predominantly to give the syn-aldol as the 
major product. The syn-product is the kinetic product. Hence, in this case, the relative 
amount of the diastereoisomeric enolate determines the product composition. This type 
of diastereoselectivity depends on the size of the R’ group. Syn-anti ratio is almost 9.8:1 
when R’ = ¢-Bu and R = Me but when R’ is isopropyl group the syn-anti ratio is 4:1. 


8 ®@ o® 
9 OLi OLi 
pro Hak PDEs poo <> RS R’ : Rs H 
pNP NE 
(R= t-Bu, R’= Me) (Z)-isomer (~)-isomer 


(major enolate) (minor enolate) 


| R”CHO | R”CHO 
iS) 


R’ Rv 
I I 
R~czO0 R~qz0 
R’——H H——R’ 
® ® 
H ——OLi H —— OL 
Rk” Rk” 
syn- or erythro-form § anti- or threo-form 
(major) (minor) 


Enantioselectivity: Kinetically controlled M.P.V reduction When methyl isohexyl ketone 
is allowed to react with aluminium 2-butoxide in 2-butanol, (R)-6-methylheptan-2-ol is 
obtained as the major product. The reaction is, therefore, enantioselective. 
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M 
Me..,, | . 
we + Al(OCHEt), 
Me,CH(CHy)3 Aluminium 
Methy] isohexyl ketone 2-butoxide 
[ =f 
= we 
aAI~.. 
0 0 OH 
Me.,, |: | on Et Me.., | 
| wer : Cc A —__> yom 
es a 4a 
| Me.CH(CHy)3 | Me,CH(CHg)s 
TSI (R)-6-Methylheptan-2-ol 
M.P.V. (lower in energy and (major product) 
reduction 
thus more preferred) Snaunmene 
| V4 
pA Me,CH(CH,) i 
Me,CH(CH))5-,,, | | Et °2 23", 
> My) a : w ~y 
M 4 ‘He Ne Me 
e 
= = (S)-6-Methylheptan-2-ol 
TS. : 
2 : (minor product) 
(higher in energy and 


thus less preferred) 


The reaction proceeds through the low-energy transition state I in which the larger groups 
(-Et and -CH,CH,CH,CHMe,) are placed on opposite sides of the plane of six-membered 
ring and as a result (R)-6-methylheptan-2-ol is obtained as the major product. 


Do SOLVED PROBLEMS TT 


1. Use Cram’s rule to predict the major product in each of the following 
diastereoselective reactions: 


H O 
\ Va 
(a) Hom + PhMgBr ———> 
Ph CH; 
HO CH, 


\ / 
(D) py cw wt —C +EtLi —~> 
H3C 4 N 
Et O 
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H3C O 
, Z PhLi 
(c) But =" ye “ + i —~> 
H CH 
Solution 
Br 
Mg -...... 
peo 
we H CH, Ph 
0 H CH 
‘@ ao “oC 0 Oh) : os OH | H—+—CH,; 
‘ ad  HO—— CH, 
Ph+ CHs Ph Ph im 
PhMgBr CH, CH, 


(b) 


(major product 
according to Cram’s 
open chain model) 


Nucleophilic attack by Ph° on the carbonyl carbon atom occurs from the less 
crowded side (from the side of the small substituent) to yield the major product. 


CH 
HO OH 3 
‘on C HO sogam = Et —;— OH 
cant — —> — et 
HC Sf N Et CH, HO Et 
Et + CH, CH; 
EtLi 


(major product 
according to rigid 
cycle model) 


This observation can be explained on the basis of a regid cyclic model in which the 
metallic part of the reagent is doubly co-ordinated to form a five-membered ring. 
Since the complexing group is medium (M), the nucleophile attacks the carbonyl 
carbon from the side of the small group (S) and the cyclic model predicts the same 
stereochemistry as the open chain model. 


t 
H CH, pu 
Ph OH = H—— CH; 
Ph —;— OH 
But CHs 
CH3 (major product 


according to Cram’s 
open chain model) 
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2. Predict the major product expected to be obtained when 2,2-dimethylcyclohexanone 
is reduced by the given chiral Grignard reagent: 


O CH,MgCl 
| 
+ C Mtn, 
CH; Hq \ ‘CH(CH3)2 
CH; ons 
2,2-Dimethylcyclohexanone A chiral Grignard 
reagent 


Solution Because of severe steric hindrance, the normal Grignard reaction to form a 3° 
alcohol does not take place and instead of that, reduction occurs to form (R)-2,2-dimethyl- 
cyclohexanol as the major product (an enantioselective reaction). 


[ at 
Cl 
(oh OH 
O >| <EBCC, Ce CH(CHs)2| > = o 
CHs H CH, 
CH CH3 CH; H 
3 - _ 
CH TS.1 (R)-2,2-Dimethylcyclohexanol 
. . (lower in energy and (major product) 
2,2-Dimethyl- — _| thus more preferred) 
cyclohexanone 
[ at 
CH,—MgCl Cl 
| age CH 
H3Co 3 CH, 
+ C Min, 3 O CH 
HO YO CH(CHs3)2 _ | : OH ia 
L _ H 
TS. II (S)-2,2-Dimethylcyclohexanol 
(higher in energy and (minor product) 


thus less preferred) 


3. Explain why the following reactions are not stereospecific: 


\ Me 


He 
Lindlar catalyst H% \H 


cis-2-Butene (100%) 


(a) Me—C=C—Me 
2-Butyne 
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O 
b AY _ yu heat | O heat EN Te 
HO.C%. - \CO,H_ #°) CHO) H0,C% —\H 
Maleic acid Maleic anhydride Fumaric acid 
Solution 


(a) Thereaction isnot stereospecific because the substrate cannot exist as stereoisomers. 
(b) The reaction is not stereospecific because two different stereoisomeric substrates 
do not lead to two different stereoisomeric products. 


Po STUDY PROBLEMS DO 


1. Which of the following reactions are stereospecific and why? 
Syl, Sy2, E1, E2 
2. Give examples of (i) intermolecular asymmetric induction and (ii) intramolecular 
asymmetric induction. 
3. Explain the principle of asymmetric synthesis. 
4, Explain the stereoselectivity of the following reaction: 


mCPBA 


H H H 
I II (major) III (minor) 
5. All stereospecific reactions are stereoselective, but all stereoselective reactions are 


not necessarily stereospecific — explain. 
6. Identify the stereoselective and stereospecific reactions and give your reasoning: 


O 
H 


CH; 
H——Br 1° 
b) —> 
H—-—Br 
CH; 
H3C CH; 


(c) C=C +TTCH,—~> 
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(d) PhcHO + EtMgBr (+) -2, 3—Dimethoxybutane_, 


(optically active solvent) 


Quinoline 


(e) PhCH=CHCHO + HCN - - 
(optically active catalyst) 


Predict the major product in the following reaction based on Felkin—Anh model. 
Is it the observed product in the reaction? If not, predict the observed product and 
explain its formation. 
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4.2 Organic Chemistry: A Modern Approach 


INTRODUCTION 


The study of organic compounds requires the knowledge of their molecular structures. 
The determination of the structure of an organic compound is, therefore, an essential 
task for an organic chemist. The classical methods applied for structure determination 
are not only unwieldy, laborious and time-consuming but also require a large quantity 
of the compound. Nowadays, various types of instrumental analysis of a minute amount 
of an organic compound by physical methods most often give necessary and sufficient 
information to establish its molecular structure undoubtedly. Molecular spectroscopy 
is probably the most important amongst them. Spectroscopy deals with the transitions 
induced in a chemical species by its interaction with photons of electromagnetic radiation. 
Spectroscopic methods are generally used to measure the energy difference between 
various molecular energy levels and to determine the molecular structures. 


4.1 ENERGY AND THE ELECTROMAGNETIC SPECTRUM 


4.1.1 Electromagnetic Radiation 


Electromagnetic radiation is a form of energy that propagates as a wave through space 
at a characteristic velocity (the velocity of light). Each of the waves is composed of a 
magnetic component and an electric component oscillating in mutually perpendicular 
planes and the waves propagate at the same velocity through space (vacuum or material 
medium) in a direction perpendicular to the planes of the fields. Visible light is one type of 
electromagnetic radiation. Other common forms of electromagnetic radiation are X-rays, 
ultraviolet radiation (UV), infrared radiation (IR), microwaves, and radiofrequency waves 
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Figure 4.1 Propagation of the wave of electromagnetic radiation 


According to quantum mechanics, the electromagnetic radiation has the properties of both 
a wave and a particle. That is, it has a duel nature: in some experiments it obeys wave 
theory and in others acts as a steam of massless particles called quanta (plural form 
of quantum) or photons. However, they are not seen together in the same experiment. 
Electromagnetic radiation is emitted, transmitted, and absorbed only in whole number of 
photons. Hence, it is quantized and thus, photon is also called quantum. The wave theory 
most concerns us here, and since the propagation of light waves involves both electric and 
magnetic forces, their common class name is electromagnetic radiation (Figure 4.1). 


LASS) Sn re ee ee eee eT mee TIE aR CEERI eT ene mee 
The velocity of the electromagnetic radiation in vacuum, is 2.998 x 10° ms~’ (denoted 
by c, the velocity of light). In a material medium, its velocity is given by 2.998 x 
10°/n ms“, where n is the refractive index of the medium. A diagram of a wave, indicating 
the wavelength (A), cycle and amplitude (A) may be given as follows (Figure 4.2). 


1 cycle 


Saas © A C 


1 
i< 


Travelling with 
velocity C 


Jt - 
[C = Crest and T = Trough] 


Figure 4.2 A diagram of a wave 


4.1.2 Some Important Terms and Their Units 


1. Wavelength (A) It is the distance between consecutive crests or troughs in a particular 
wave. The wavelength of electromagnetic radiation is expressed in either metres (m), 
millimeters (1 mm = 10™? m), micrometers (1 um = 10° m) or nanometers (1 nm = 107° m). 
[An older term for micrometre is micron (u) and an older term for nanometre is millimicron 
(mu).] It is also expressed in Angstrom units (1 A= 10% cm). 


2. Period (T) It is the time required to complete one full cycle. Its unit is s/cycle. 


3. Frequency (v) Itis the number of full cycles of the wave that pass a given point in one 
second as the wave moves through space. It is expressed in cycle per second (s~}) or in 
hertz (Hz), where 1s = 1 Hz. 


4.Wavenumber(V) Itis the number of waves per centimetre and is expressed in reciprocal 
centimetre (cm”'). It is a way of often expressing frequency in infrared spectroscopy. 


The following are the relationships among the four quantities wavelength, wavenumber, 
frequency and velocity: 


Quantity Relationship Units 
1 
Wavelength (A) a. : m, um, nm 
_ oY oes | 
Wavenumber (Vv ) v= x = - m~,cm 
co 
Frequency (v) v= X =cv s! (Hz) 
. v a 
Velocity (c) c=VA= 7 ms 
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Relationship between Frequency (v) and Energy (£) of a Wave Frequency and energy of a 
wave are related by the equation E = hv, where h = Planck’s constant, 6.63 x 10-4 Js. Thus, 
the greater the frequency, the higher is the energy of the radiation. 


Relationship between the Wavelength (A) and Energy (£) of a Wave The wavelength and 
energy of a wave are related by the equation E = hc//. Thus, the longer the wavelength, 
the smaller is the energy. 


That the energy associated with a radiation having wavelength 4,000 A is 299.5 kJ mol! 
may be shown as follows: 
A= 4,000 A = 4,000 x 10° cm 
6.626 x 10°?" erg. sec x 2.998 x 10!°cm s} 
4,000 x 10°8cm 
= 4.968 x 10 erg 
_ 4.968 x 107 x 6.023 x 1078 
7 4.18 x 10!° 
= 71.6 kcal mol 
=71.6 x 4.134 kJ mol = 299.5 kJ mol 


EB=he/l- = 


kcal mol! 


[A convenient formula that relates wavelength (in nm) to the energy of electromagnetic 
radiation is the following: 
2.86 x 10* kcal - nm/mol 
Wavelength in nanometre 


EGn kcal/mol) = 


4.1.3 Electromagnetic Spectrum 


The total range of electromagnetic radiation (the range of all possible frequencies) is called 
the electromagnetic spectrum which is shown below (Figure 4.3) 
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Figure 4.3. The electromagnetic spectrum 
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X-rays (very high energy) are so energetic that they can excite electrons, causing 
ionization. Energies in the ultraviolet-visible range causes change in electronic energy 
levels within the molecule. Infrared energies excite molecular vibrations and rotations. 
Microwave energies induces changes in the magnetic properties of unpaired electrons and 
radio-wave frequencies (very low energy) excite the nuclear spin transitions observed in 
nuclear magnetic resonance (NMR) spectroscopy. 


The sensitivity limits of the human eye extend, from violet light (A = 400 nm, 4 x 107’ m) 
through the rainbow colours (i.e., indigo, blue, green, yellow and orange) to red light 
(A = 750 nm, 7.5 x 10~’ m). Wavelengths less than 400 nm greater than 750 nm cannot be 
detected by the human eye. UV light (A < 400 nm) can be detected on photographic film or 
in photoelectric cell, and infrared light (A > 750 nm) can be detected either photographically 
or using a heat detector like a thermopile. 


4.1.3.1 The Basic Process Used in Spectroscopy 


The basic process involves in spectroscopy is the interaction between the electromagnetic 
radiation and molecules or ions. Such species possess certain quantized energy levels. 
That is, the excited states are separated from the ground states by discrete, specific 
amounts of energy. Therefore, a molecule or ion is not free to absorb all the frequencies 
within the spectrum of electromagnetic radiation. It can only absorb those frequencies 
corresponding to the energy (AE) required for excitation from one energy level to a higher 
one, 1.e., AE = (EZ, — E,) = hv. This absorption is then measured in an instrument called a 
spectrophotometer. 


4.1.3.2 Spectrum 


The appearance of an ordered arrangement of things under consideration in accordance 
with a specific property may be called a spectrum. The spectrum of a visible or white light 
is an orderly arrangement of the constituent colours ranging from violet to red according 
to increasing wavelength. The electromagnetic spectrum is an orderly arrangement of the 
radiant energy according to wavelength ranging from short-waved cosmic rays to long- 
waves radio frequencies. 


The field of spectroscopy is divided into emission and absorption spectroscopy. An emission 
spectrum is obtained by spectroscopic analysis of the radiant energy by an excited atom. 
The excitation of atoms can be brought about thermally (by heating the substance strongly) 
or electrically (by passing the electric discharge through the vapour of the substance 
at a very low pressure), and as a result, electrons in the ground state are promoted to 
metastable states. When electrons from metastable state jump to lower energy states, the 
absorbed energy is released as light. Fluorescent lights and colours obtained by heating 
salts of certain elements in a flame are common examples of emission spectra. A record of 
the amount of energy emitted by a sample as a function of its wavelength or frequency or 
wavenumber is called an emission spectrum. A record of the quantity of electromagnetic 
radiation absorbed by a sample as a function of its wave number or wavelength or frequency 
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is said to be an absorption spectrum. A spectrophotometer usually analyzes the amount of 
transmitted light relative to the incident light of a given frequency. Automatic instruments 
gradually and continuously change the frequency and an automatic recorder plots a graph 
of the intensity of the transmitted or absorbed light versus frequency or wavelength, i.e., 
a spectrum. The spectrum of a compound, thus, represents a graph of either wavelength 
or frequency, continuously changing over a small portion of the electromagnetic spectrum 
versus either percent transmittance or absorbance (A). The percent transmittance (T) is 
the per cent of the intensity of the original radiation which passes through the sample. 


Intensity 


% T 100 


~ Original intensity 


When a compound does not absorb any radiation at a particular wavelength, the percent 
transmission is 100 at that wavelength. Absorption of radiation at a particular wavelength 
leads to a decrease in the percent transmittance to appear in the spectrum as a dip, called 
a peak or absorption band. Absorbance is a measure of the absorption of radiation by a 
sample. 


Asie ( Original ens 


Intensity 


Because of great difference in wavelength of different regions, it is not convenient to use 
the same unit throughout to specify a particular position in the spectrum. In the UV 
(200-400 nm) and visible (400-750 nm) regions, the wavelengths are expressed in 
nanometres (nm, 1 nm = 10~° m), in the infrared region (4000 — 600 cm), the wavelengths 
are expressed in microns (i!) or micrometres (um, 1 um = 10° m) or as the reciprocal 
wavelength in centimeters, 1/A, termed as the wavenumber jy. In the radio frequency 
region (NMR) absolute frequencies are used rather than wavenumbers. Thus, a wavelength 
of 5 m corresponds to a frequency of c/A or 6 x 10’ Hz (Hz = Hertz, defined as cycles per 
second) and can be written as 60 MHz. 


4.1.3.3 Molecular Excitations and Spectroscopic Techniques 


Depending upon the structure of molecule and v of the radiation absorbed by it, different 
categories of molecular excitation may occur and these are (a) rotational, (b) vibrational, 
and (c) electronic. 


Rotational excitation involves rotation of atoms or groups about their bond axes within the 
molecule. Approximately 10+ kcal/mol of energy, which comes from photons or quanta 
of microwave radiation, is required for the rotational excitation. Vibrational excitation 
involves vibration of the constituent atoms of the molecule together with their rotational 
motion. About 1-10 kcal/mol of energy, which comes from photons of infrared radiation, 
is sufficient for vibrational excitation of a molecule, i.e., for molecular transition between 
the two quantized vibrational energy levels. Electronic excitation involves promotion of 
an electron from a lower energy molecular orbital to a higher energy molecular orbital. 
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Usually 36-143 kcal/mol of energy, which comes from photons of ultraviolet (82-143 kcal/ 
mol) and visible (86-82 kcal/mol) radiations, is required for electronic excitation of a 
molecule. Radio waves reorient nuclear spins (AE ~ 10~° kcal/mol) a phenomenon which 
forms the basis of NMR spectroscopy. 


For each electronic level within the molecule, there are a number of associated vibrational 
levels with less energy separations and in turn each vibrational level itself is associated 
with a set of rotational energy levels with even lesser energy separations. 


The act of molecular absorption of energy in the ultraviolet, visible, infrared and radio 
frequency region at a definite wavelength is a function of a molecular structural feature, 
having the capability of absorbing specific photon. Consequently, it indicated the presence 
of a particular structure. Thus, the absorption of a radiant energy by a molecule, when 
recorded as spectrum, gives valuable information about its structure. The absorption 
spectrum for each molecule is unique because each molecule has its unique differences 
between its energy levels. 


Three spectroscopic techniques used to identify organic compounds are infrared (IR) 
spectroscopy, ultraviolet-visible (UV-VIS) spectroscopy, and NMR spectroscopy. The 
general type of information each provides, are as follows: 
(i) Infrared (IR) spectroscopy provides information about what functional groups are 
present. 
(ii) Ultraviolet-visible (UV-VIS) spectroscopy (often called simply UV spectroscopy) 
provides information about the types of z-electron systems that are present. 
(ii) NMR spectroscopy provides information on the number, connectivity and 
functional-group environment of all carbons and hydrogens in the molecule. 


[A fourth physical technique, mass spectrometry, which allows us to determine molecular 
masses, is also widely used for structure determination. Mass spectrometry is not a type 
of absorption spectroscopy and is, thus, fundamentally different from NMR, IR and UV 
spectroscopy.] 


To summarise: 

1. Electromagnetic radiation is a form of energy with wave properties. 

Wavelength (A) and frequency (Vv) are inversely proportional. 

The wave number (¥) is the reciprocal of wavelength in cm. 

Photons are discrete units or ‘packets’ of energy. 

The energy (E) of a photon is equal to hv, where h is Planck’s constant and v is 

frequency. 

6. The electronic, vibrational and rotational energy levels of a molecule are quantized; 
only certain photons can be absorbed. 

7. Electronic transitions require UV-VIS photons (A = 200-400 nm); vibrational 
and rotational transitions require IR photons (A = 2.5-15 um)and changes in 
the magnetic properties of certain atomic nuclei involved in nuclear magnetic 
resonance (nmr) spectroscopy require radio waves (v = 60-500 MHz). 


Cre oh 


4.8 Organic Chemistry: A Modern Approach 


8. Absorptions in the ultraviolet, visible, infrared and radio wave portions of the 
electromagnetic spectrum provide useful information about the structure of an 
organic compound. 


Po SOLVED PROBLEMS TOT 


1. (a) List the colours in the spectrum of visible light in decreasing order 
of energy. 
(b) Give the pairs of complementary colours. 
Solution 
Violet, Blue, Green, Yellow, Orange, Red 
(a) Energy (E) decreases 


(b) Violet and yellow; blue and orange; red and green. 
2. Explain why absorption and not emission spectroscopy is used to study 
the spectra of organic compounds. 


Solution The emission of radiation from an organic compound requires very high tem- 
peratures. Organic compounds are low melting and thus generally decompose at high 
temperatures. Because of this, emission spectroscopy is not used to study the spectra of 
organic compounds. 
3. Calculate the frequency range of visible light if the wavelengths of violet 
and red light are 400 and 800 nm, respectively. 
Solution 


¢ 3x 10°mst 
4 400x10°m 


Violet light : v = =7.5x10s1=7.5 x 10“ Hz 
c_ 3x 10°ms 
A 800x10°m 
Therefore, the frequency range of the visible light is 7.5 x 10'* Hz to 3.75 x 10** Hz. 
4, Calculate the frequency and wave number of infrared light of wavelength 
A= 101 nm. 


Solution 


Red light : v = = 3.75 x 10“ 571 = 3.75 x 10" Hz 


c 3x 10°ms* 
A 10*x10°m 
_ i 
A 104x10°m 

5. Calculate the frequency of blue light having 4 = 4800 A. 
Solution 4,800 A = 4,800 x 10° cm = 4,800 x 10°? m= 4.8 x 107m 


=3x10%s1t=3~x 10! Hz 


The frequency, v = 


The wave number, Vv = =1.0x 10° mt =1.0x 10? cm 
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A 4.8x107m 
6. Express each of the following in nanometres: 
(a) Im (b) 10?m (c) 3.67cem = (d) 1.3x10*m 
Solution 


(a) 1m=10°nm 

(b) 10? m= 10? x 10° nm = 10” nm 

(c) 3.67 cm = 3.67/100 m = 3.67 x 10°? x 10° nm = 3.67 x 10’ nm 

(d) 13x 10*m=1.3x10*x 10? nm = 1.3 x 10° nm 

7. (a) Light of what wavenumber has a wavelength of 2 um? 
(b) Light of what wavelength has a wavenumber of 100 cm™!? 
(c) Light of what frequency has a wavelength of 100 um? 

Solution 
(a) 2um=2x10%m=2x10°x 10? cm =2x10* cm 


¥=——,— = 5x 10m 
2x10“cm 
(b) A= += =10%em 
Vv 10°cm 


(c) A=100um=100x10°m=10*m 
8-1 
eee ee =3x10"s or 3x 10” Hz 
r 10~m 
8. A radio station transmits at approximately 0.81 MHz on medium wave. 
Calculate the wavelength of this transmission. 


Solution The broadcast frequency is 0.81 MHz or 0.81 x 10° Hz or 0.81 x 10° st. 
c_ 3x 10°ms* 
Vv 0.81x10°s™ 


=370m 


9. Which is higher in energy per photon? 

(a) Electromagnetic radiation with wavelength 10 or 7 um. 

(b) Electromagnetic radiation with wave number 500 cm or 10° cm”. 

(c) Electromagnetic radiation with frequency 1.5 x 10" or 1.5 x 10° Hz. 
Solution High frequencies, large wave numbers and short wavelengths are associated 
with high energy. 

Therefore, the electromagnetic radiations with (a) wavelength 7 um, (b) wave number 
10° cm“, and (c) frequency 1.5 x 10’ Hz are higher in energy per photon. 
10. Calculate the amount of energy absorbed by one mole of a substance, 
when it interacts with ultraviolet light having v = 1.5 x 10° s! (Hz). 
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Solution E=hv =(6.6 x10 Js) x (1.5 x 10% 5} 
=99xi0- "J 


This is the amount of energy absorbed by one molecule interacting with the ultraviolet 
light. 
Therefore, the amount of energy absorbed by one mole of a substance 

=N,x9.9x10°°9 J 

= 6.02 x 10”? x 9.9 x 10°? J mol 


= 6x 10° J mol (approx.) 
11. Bond dissociation energies in organic molecules are around 400 kJ mol". 
Calculate the frequency of the electromagnetic radiation required to 
dissociate bonds in organic molecules. 


Solution The energy absorbed by one molecule, 
— 400k3J molt — 4x10°J mol 
6.02x10"*mol? 6.02x10”mol™ 
Now, E=hv 
E 66x107°J 
V= = 
h 66x10*Js 


=6.6x10J 


=1.0x 10s or 1.0x 10" Hz 


or, 


Po STUDY PROBLEMS TOT 


1. Arrange the following radiations in order of increasing wavelength: 
Ultraviolet, Microwave, X-rays, Visible, Cosmic rays 


2. Mention the ranges of electromagnetic radiation useful for UV and IR spectroscopy. 
3. Which is the narrowest region in the electromagnetic spectrum? 
[Hint: Visible light] 

4, Express 100 micrometres (a) in centimetres, (b) in angstroms (1 A = 107! m), (c) in 
nanometres, (d) as wavenumbers. 

5. Gamma rays vary in wavelength from 0.25 A to 0.001 A. What is the energy range 
of gamma rays? 

6. One calorie is equivalent to 4.184 x 10” ergs. Calculate the energy (in calories) 
corresponding to radiation with wavelength of 100 cm. 

7. The amount of energy associated with one mole of photons is called one Einstein 
and equals to Nhv, where N is the Avogadro number. Calculate the value of 
Einstein for 3 x 10? cm™ radiation. 

8. The fundamental vibration of I, occurs at 214 cm, while that of Cl, occurs at 
565 cm™'. Which vibration requires more energy? 

9. A local radio station transmits (a) at approximately 95.5 MHz on its VHF (very 
high frequency) transmitter and (b) at 800 kHz on medium wave. Calculate the 
wavelengths of these transmissions. 
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10. Find out the corresponding wave number of two waves with A, = 10° nm, and 
A, = 5 um, respectively. 
11. Blue light has V = 20,800 cm’. Calculate vin Hz and Ain nm. 


4.2 ULTRAVIOLET SPECTROSCOPY 


The absorption of UV-VIS radiation by a molecule causes transfer of an electron from one 
electronic state to the next, i.e., it leads to transition among the electronic energy levels 
of the molecule, and because of this, it is often called electronic spectroscopy. Light of 
wavelength between 400 and 800 nm is visible. Just beyond the violet end of the visible 
spectrum (A = < 400 nm) lies the ultraviolet region. As is typical of most UV spectra, the 
absorption is rather broad and is often spoken of as a “band” rather than a “peak”. A typical 
UV spectrum shows only a few broad humps. In a transition to a higher electronic level, a 
molecule can go from any of a number of sub-levels—corresponding to various rotational 
and vibrational states—to any of a number of sub-levels. As a result, the UV absorption 
bonds are broad. One can conveniently describe such a spectrum in terms of the position of 
top of the hump (/,,,,) and the intensity of the absorption (€,,,,, the extinction coefficient). 


The ultraviolet and visible spectroscopy is primarily used to measure the extent of the 
multiple bond or aromatic conjugation within molecules. Electronic spectroscopy can, in 
general, differentiate conjugated diens from nonconjugated dienes, conjugated dienes from 
conjugated trienes, o,$-unsaturated ketones from their Byanalogs, etc. Since the degree 
of conjugation may suffer in strained molecules due to loss of z-orbital overlap, electronic 
spectroscopy may be used to study such strain by correlating the change in spectrum with 
angular distortion. The position of absorption may also be influenced by substituents. 


An instrument for measuring the interaction of molecules with ultraviolet and visible 
light is called UV-VIS spectrometer. In UV spectroscopic analysis, the samples are usually 
scanned in dilute solutions. The solution must be placed in some suitable container that 
is transparent to light in the region being studied. Although ordinary glass is satisfactory 
for work in the visible region, glass absorbs ultraviolet light strongly; hence quartz (silica) 
cells must be used. The most commonly used cells have 1.0 cm path length. The most 
suitable source of light in the ultraviolet region (200—400 nm) is the hydrogen-discharge 
lamp. A tungsten-filament lamp is usually used for the visible region (400-800 nm) of 
the spectrum. Most spectrophotometers are double-beam instruments. The primary 
source of light is split into two beams, one of which passes through a cell containing the 
reference solvent. The spectrophotometer electronically subtracts the absorption of the 
solvent in the reference beam from the absorption of the solution in the sample beam. 
Thus, effects owing to absorption of light by the solvent are minimized. The ordinary VIS- 
UV spectrophotometer provides acceptable spectra over the range 220-800 nm. Better 
instruments have mechanical improvements that extend the short-wavelength range to 
about 185 nm. The major limitation in the short-wavelength range is the presence of 
air in the instrument. Oxygen absorbs strongly at about 200 nm and below; frequently 
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the range of the instrument can be extended by flushing the instrument with nitrogen, 
which absorbs strongly at about 150 nm and below. The technique of using an evacuated 
spectrophotometer enables the range below 200 nm to be studied. This region is frequently 
called the vacuum ultraviolet region. 


The plotting of UV or electronic spectra is done by recording wavelength (on the horizontal 
axis) versus absorbance (on the vertical axis). The absorbance A (often called optical 
density, OD) is given by the expression: 
I 
A=log—* 
a i 
where J, = intensity of incident light or the intensity of light after passing through the 
reference cell, J = intensity of the transmitted light, i.e., the light after passing through 
the sample. 


4.2.1 Visible Spectrum and Complementary Colours 


When a substance is exposed to the visible region of the electromagnetic radiation, i.e., to 
white light (A = 400-800 nm), the light may be completely reflected or completely absorbed 
and as a consequence, the substance appears white or black, respectively. If a certain 
portion of the light is absorbed and the rest reflected, the substance has the colour of the 
reflected light. If only a single band is absorbed by the substance, it has the complementary 
colour of the absorbed band (which is actually the combination of the reflected colours). 
Again, if a substance reflects only a single band and absorbs the rest of the visible light, 
the substance will have the colour of the reflected band. However, the former mode of 
absorption is more common. Thus, a substance can appear blue because it absorbs the 
yellow band of the spectrum only (blue in the complementary colour of yellow) or because 
it absorbs all the visible spectrum except blue. 


Wavelength region (nm) Colour absorbed Complementary colours (visible) 
400-435 Violet Yellow-green 
435-480 Blue Yellow 
480-490 Green-blue Orange 
490-500 Blue-green Red 
500-560 Green Purple 
560-580 Yellow-green Violet 
580-595 Yellow Blue 
595-605 Orange Green-blue 
605-750 Red Blue-green 


4.2.2 Certain Terms Involved in UV Spectral Analysis 


Certain phenomena in UV spectroscopy is expressed conventionally by using some old 
terminologies. These are as follows: 


ST supe cciedect bears pends bd plete cata epepealsonctoany agendas ceencind tensed deal aan iene 
1.Chromophore The term chromophore (originated from the Greek chromophoros meaning 
colour carrier) was originally applied to the system responsible for imparting colour to 
a compound. Thus, the nitro group is the chromophore which imparts yellow colour to 
nitro compounds. Similarly, the aryl conjugated azo group is a chromophore for providing 
colour to azo dyes. Now, the term chromophore is used in a broader way and in fact, a 
chromophore in general is a covalently unsaturated group that absorbs electromagnetic 
radiation, whether or not a ‘colour’ is thereby produced. Thus, a chromophoric group 
offers a characteristic absorption in the ultraviolet or visible region. Some important 


chromophoric groups are: Soa —C=C—; So=e, —COOH, —CO,Et, —NO,, 


—N=N-—,, quinonoid structure, etc. 


2. Auxochrome An auxochrome is usually a saturated functional group with nonbonded 
electrons which does not itself act as a chromophore but, when attached with a chromophore, 
enhances the colour-imparting properties of the chromophore by bringing about a shift 
of the absorption bond (/,,,,) to longer wavelength with increasing intensities. This is 
due to enhanced conjugative effect of auxochromes imparted to the chromophores by 
delocalization of the unshared electrons in the chromophore orbitals. Examples of some 
auxochromes are —OH,— OR, —NH,, —NR,, —SH, —F:,—Cl: etc. In a very real 
sense, the auxochrome is considered as a part of a new extended chromophore and the 
term ‘auxochrome’ is seldom used in spectroscopy. 


3. Bathochromic shift (red shift) A shift of absorption maximum (j,,,,) towards longer 
wavelength, i.e., towards the red end of the spectrum by changing the nature (polarity) 
of the solvent, pH of the medium or structure of the compound to one with increased 
conjugation is called bathochromic shift or red shift. For example, the A,,,, for s—7* 
transition of carbonyl compounds shows a bathochromic or red shift by changing the 
solvent from a nonpolar to a polar one. Similarly, phenol (PhOH) exhibits a bathochromic 


shift by changing the solution from acidic to alkaline, i.e., by increasing pH of the medium. 


4. Hypsochromic shift (blue shift) A shift of absorption maximum (A,,,,) towards shorter 
wavelength, i.e., towards the blue end of the spectrum is called hypsochromic shift or 
blue shift. This shift may be caused by decreasing conjugation, changing the polarity of 
the solvent or changing the pH of the medium. For example, the 4,,,, for n—7* transition 
of carbonyl compounds shows a hypsochromic shift or blue shift by changing the solvent 
from nonpolar to polar, whereas aniline shows a hypsochromic shift by decreasing the pH 


of the medium (alkaline or neutral to acidic). 


5. Hyperchromic effect The increase in intensity of absorption (¢,,,,) caused by changing 
the nature of the solvent, pH of the medium or structure of the substrate is called 
hyperchromic effect. 


aia ace iftsdee seperate esto eG th aac ate iat bs Organic enenisny: ) Magne nnode 

6. Hypochromic effect The decrease in intensity of absorption maximum (¢,,,,) by changing 
the nature of the solvent, pH of the medium or structure of the substrate is known as 
hypochromic effect. 


These shifts/effects can be shown by the following diagram (Figure 4.4): 


Hyperchromic 
effect 


Bethochromic 
shift 


Hypsochromic 
shift 
Hypo- 
chromic 
effect 


Emax 


Avice ——_ 
Figure 4.4 Absorption and intensity shifts 


4.2.3 Theory of Electronic Spectroscopy 


When a molecule absorbs light in the UV and visible region, it gets excited and suffers from 
a change in electronic states. The change involves transition of one electron (according to 
the first approximation of the Franck-Condon principle) from the occupied bonding (o or 
m) or non-bonding (7) molecular orbitals of lower energy in the ground state to unoccupied 
antibonding (o* or z*) molecular orbitals of higher energy in the excited state. Hence, 
the electronic transitions, designated by an arrowhead (—>), that may involve in UV and 
visible regions, are o > o* (‘sigma to sigma star’), n > o*, 7> m* andn—- x. 


The sequence of electronic orbital energies, showing different kinds of transitions may be 
shown as in Figure 4.5. 


4% ot 


k z k o* (antibonding) 
; n— o* 
E| = x m* (antibonding) 
R T> 1 n—-T* 
G n | n (nonbonding) 
o->o* 

* m m (bonding) 

o o (bonding) 


Figure 4.5 Electronic energy levels and transitions 
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Hence, the energy required for various transitions obey the following general order: 
O7D Oo >nOO >TO Mona 


The wavelength of light absorbed depends on the energy difference between the ground 
and the excited state. The relation between the wavelength of light and the amount of 
energy absorbed is given by the following equation: 

A=hc/AE 


This relation shows that the greater the difference between the energies of the two 
electronic states (AE), the shorter is the wavelength of the light absorbed and vice versa. 


The various electronic transitions are discuss below: 


1. o — o* transition Transition of an electron from a low-energy bonding o-orbital 
to a high-energy antibonding o-orbital (o*) is referred to as a o > o* (‘sigma to sigma 
star’) transition. Since o-bonds are, in general, very strong, this is a high-energy process 
requiring very short wavelength (~150 nm) ultraviolet light and occurs at far UV region. 
Since oxygen of air absorbs light energy below 200 nm, this region is not readily accessible 
by ordinary spectrophotometer. Vacuum spectrophotometer is used to record far UV 
spectrum. o > o* transitions (C—H and C—C) are possible only in alkanes because only 
o and no other molecular orbitals are involved in those compounds. Ethane; for example, 
has a A,,,, 185 nm (C—C). 


max 

2. n > o* transition An n — o* transition represents the transition of one electron of 
a lone pair (i.e., a nobonding pair of electrons to an antibonding o orbital, i.e., o*. This 
transition requires comparatively less energy than o > o* transition. This is an ‘allowed’ 
transition and give rise to a strong absorption band. Molecules containing nonbonding 
electrons on oxygen, nitrogen, sulphur, or halogen atoms and no z MO’s are capable of 
showing mainly n —> o* transitions, which can be recorded at ordinary UV region. For 
example, alkyl chlorides (RCI), alkyl bromides (RBr), alkyl iodides (RD, alcohols (ROH), 
and a amines (RNH,) absorb at 170-175, 200-210, 255-260, 180-185 and 190-200 nm, 
respectively. 


3.2— 2* transition A transition in which a bonding zelectron is excited to an antibonding 
m orbital is referred to as a m > x* transition. Depending on the system involved this 
transition required more, or less, energy than n — o* transition. This is an ‘allowed’ 
transition which gives rise to a strong absorption band. This transition is available in 
compounds (containing 2 MO’s) like alkenes, aromatic compounds, carbonyl compounds, 
etc. Ethylene, for example, has /,,,, 175 nm. In HCHO the most intense band around 
160 nm is due to the z > x* transition. 

In conjugated dienes, the z orbitals of the separate alkene groups combine to form new 
orbitals — two bonding orbitals designated as 7, and 7, (or y, and y,) and two antibonding 
orbitals designated as 13 and 14 (or V3 and Wa ). The relative energies of these new 
orbitals are shown in Figure 4.6 and it becomes apparent that among all possible 
transitions (7, to 7 to te or ,) the m —> 13 transition, i.e., promotion of an electron 
from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular 
orbital (LUMO), requires lowest energy and in fact, it is much lower than that required 
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for the z > x* transition of an unconjugated alkene. This new z > z* transition of much 
lower energy is actually possible as a result of conjugation. The more the conjugation is 
extended, the more the HOMO-LUMO energy gap decreases, i.e., the more the /,,,, shifts 
to longer wavelength. Thus, the value of 1,,,, increases on going from left to right in the 
following series: 


CH,=CH, CH ,=CH—CH=CH, CH,=CH—CH=CH—CH+=CH, 
Ethylene 1,3-Butadiene 1,3,5-Hexatriene 
Amax (i > 1): 175 nm 217 nm 258 nm 


Conjugated carbonyl compounds (a, B-unsaturated aldehydes and ketones) also have high- 
intensity absorptions resulting from the transition of an electron from 7, to Tia These 
ma — m* transitions occur at almost exactly the same wavelength as those for the 
corresponding diens. For example, acraldehyde (CH,—CH—CHO) has a 4,,,, 218 nm. 
As in the case of polyenes, the wavelength of light absorbed by unsaturated carbonyl 
compounds increases as the chain of conjugation increases. The value of /,,,,, for example, 


increases on going from left to right in the following series: 
CH,CH=CHCHO CH,(CH=CH),.CHO CH,(CH=CH).,CHO 
Amax (1 > 1): 220 nm 270 nm 312 nm 


max 


4.n > 7* transition Ann — z* transition represents the transition of one electron of a 
lone pair (i.e., a nonbonding pair of electrons) to an antibonding z orbital (i.e., 2*). This 
transition requires least amount of energy among the possible transitions and therefore, 
this transition gives rise to an absorption band at longer wavelengths. This transition is 
however, ‘forbidden’ in symmetry terms because the axis of p orbital is oriented along the 
nodal plane of n orbital. The relative energies of molecular orbitals that most concern us 
are illustrated in Figure 4.6. 


35)" : 
@ oO 2 Te 

GT © ‘ t f ul es (LUMO) 
Co, ae, ae (HOMO) 
2 oH 

o—14 +4 + ° 


C—C C=C C=O: C=C—C=C 
o> o0* nmon* non To > 1S 
n->71* 
n-o* 


Figure 4.6 Relative energies of orbitals most involved in electronic spectroscopy of organic molecules 
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4.2.4 Laws of Light Absorption - Beer’s and Lambert's Laws 


The UV spectrum is generally recorded as a plot of absorbance (sometimes called optical 
density, abbreviated OD) versus wavelength. The absorbance is a measure of the amount 
of radiant energy absorbed. If the radiation entering a sample has intensity J), and the 
light emerging from the sample has intensity J, then the absorbance A may be defined as 
the logarithm of the ratio I)/I: 
Io 
A= log i 


From this equation, it becomes clear that the more the radiant energy is absorbed, the 
larger is the ratio I,/I, and the greater is the absorbance. 


Beer’s and Lambert’s laws govern the absorption of light by molecules. Beer’s law relates 
the absorption to the concentration of the absorbing compound, and Lambert’s law relates 
the total absorption to the optical path length, i.e., the length of the light path through 
the sample. 


The relationship between absorbance, concentration, length of the light path, and molar 
absorptivity, known as the Beer-Lambert Law, is given by 
A=cle, where 


A = absorbance of the solution 
c = concentration of the sample (in mol I" or mol dm™) 
1 = length of the light path through the sample (in cm or m x 107”), and 


€=molar absorptivity (formerly called the molar extinction coefficient 
(in 1 mol! em! or m? mol! x 107”) 

The molar absorptivity, €, is constant for a particular compound at a given wavelength, 
and is most commonly expressed as €,,,,—the molar absorptivity at an absorption band 
maximum. In fact, it is the absorbance that would be observed for a 1.00 M solution in a cell 
with a 1 cm path length. ¢,,,, is normally expressed without units. Since values for ¢,,,, can 
be very large, an alternative convention is to use its logarithm (to the base 10), logy9 Emax. 
In fact, the intensity, i.e., the height of the peak is a measure of transition probability and 
the peaks with low ¢ values often arises from transitions which are normally ‘forbidden’. 
The wavelength corresponding to a given €,,,, 1s termed as A,,,,. Both Ay,, and Emax are 
affected by the solvent, which is therefore included when reporting UV—VIS spectroscopic 
data. Therefore, the UV spectrum of acetone in hexane would be reported as A,,,,, = 195 nm 
= 9000, hexane). A typical UV spectrum is shown is Figure 4.7. 


a 
Although the UV spectrum is generally recorded as a plot of absorbance versus wavelength, 
it is customary to then replot the data with either e or log é€ plotted on the y-axis and 
wavelength plotted on the x-axis. 


ae Absorbance x Molecular weight x 100 
max“ Weight (mg) of the compound in 100 ml x Path length (cm) 
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A=0.8 CH 
1.0+ and correspnding CC 
weal Jl : max = 10,800 H,C7 S07 CH 
0.8 | 
* 0.74 


H 
2-Methylbut-1,3-diene 
(isoprene) 
(solvent: methanol) 


Amax = 222.5 nm 


0 = 
200 220 240 260 280 300 320 = 340 
Wavelength A (nm) —~> 

Figure 4.7. UV spectrum of 2-methyl-1,3-butadiene 


By using the above relation, the value of ¢,,,, of isoprene has been calculated to be 10,800 
(absorbance = 0.8, mol. wt. = 68, path length = 1 cm). The UV spectrum is usually taken 
by using a very dilute solution (10° — 10°° M) of the compound in a solvent which is 
transparent above 200 nm. 


4.2.5 Choice of Solvent 


Very dilute solutions are usually used to measure electronic spectra. The solvent used 
must be transparent within the wavelength range being examined. The lower-wavelength 
limits for common spectroscopic-grade solvents are shown in Table 4.1. Below these limits, 
the solvents shown excessive absorbance and sample absorbance will not be recorded 
linearly. The solvents are listed in the table in an approximate order of preference, and, in 
fact, a choice of water, ethanol and hexane will meet most requirements. 


Table 4.1 Solvents for UV spectroscopy 


Solvent Lower wavelength limit/nm 


Water 205 
Ethanol (95% or absolute) 210 
Hexane 210 
Cyclohexane 210 
Methanol 210 
Diethyl ether 210 
Acetonitrile 210 
Tetrahydrofuran 220 
Dichloromethane 235 
Chloroform 245 
Carbon tetrachloride 265 
Benzene 280 
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4.2.6 Principal Characteristics of a UV Absorption Curve 


The principal characteristics of a UV absorption curve are as follows: 


(a) The position of absorption The position of absorption is indicated by the A, value 
whose energy is equal to that required for the promotion of an electron from the ground 
state energy level to the excited state energy level. 


(b) The intensity of absorption Theintensity of absorption, indicated by ¢,,,,,is proportional 
to the probability that the transition will take place and the target area of the absorbing 
system, i.e., the chromophore. It can be shown that 


ce... = 0.87x 107" P.a 


max 

where P is the transition probability (with values from 0 to 1) and a is the target area of 
the absorbing system. The transition probability in its turn is proportional to the square 
of the transition moment which is measured by the magnitude of the change in molecular 
dipole moment brought about by transition. If a molecule has a large transition moment, 
its intensity of absorption will be high. The transitions with values of ¢,,,, more than 10* 
are usually called allowed transitions. They generally arise due to 2 > x* transitions. 
Since, both of the orbitals 7 and z* lie in the same plane, the transition is geometrically 
favourable. In 1,3-butadiene, the absorption at 217 nm, ¢€,,,, 21,000 is an example of 
allowed transition. The transitions with values of ¢,,,, less than 10* are usually called 
forbidden transitions. They generally arise due to n > z* transitions. These two orbitals 
orbitals are perpendicular to each other. So the jump of an electron from nMO to z*MO 
is geometrically poor and its probability is thus very low. The n — z* transition near 
300 nm in the case of carbonyl compounds with ¢,,,, values of the order 10-100 is an 
example of forbidden transition. The allowedness of electronic transitions is related with 
the geometries of the lower- and higher-energy molecular orbitals, the symmetry of the 
molecule as a whole, and the orientation of the electric dipole of the incident light that 
might induce the transition. Symmetrical molecules have more restrictions on their 
electronic transitions than have less symmetrical molecules. For example, benzene is a 
highly symmetrical molecule. Thus, many restrictions apply to the electronic transitions 
of the benzene molecule, and so, its electronic absorption spectrum is simple. For a totally 
unsymmetrical molecule, no symmetry restrictions apply to the electronic transitions, so 
that transitions may be observed among all of its molecular orbitals except among filled 
orbitals. 


4.2.7 Types of Absorption Bands in UV Spectroscopy 


The four types of absorption bands that originate as a result of the possible electronic 
transitions in a compound, are as follows: 


(a) K-band (K is the first letter of the Geman word Konjugierte) This type of band arises 
due to z > x* transition in a compound containing a conjugated system such as dienes, 
polyenes, enones, etc. K band also appears in an aromatic compound substituted by a 
chromosphere. The intensity of the K-band is usually more than 10*. 
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(b) R-band (R is the first letter of the German word Radikalartig) This type of band arises 
due to n > x* transition of a single chromophoric group having at least one unshared pair 
of electrons on a hetero atom. The intensity of R-band is usually less than 100. 


(c) B-band (B stands for Benzenoid) This type of band arises due to vibrational effects on 
the z > x* transition in aromatic or heteroaromatic molecules. Benzene shows a broad 
absorption band in the ordinary UV region between 230 and 270 nm. When a chromophoric 
group is attached to the benzene ring, the B-band is observed at a longer wavelength than 
the more intense K-band. In styrene, for example, the K-band appears at 4,,,, = 244 nm, 
= 12,000 and the B-band appears at 4,,,,, = 282 nm, €,,,, = 450. 


Emax max max 


(d) E-band (E stands for Ethylinic) This type of band arises due to oscillations of electrons 
in the three ethylinic bands which are in closed cyclic conjugation in the benzenoid system. 
This is further characterized as EK, and E,-bands. E, and E, bands of benzene appear at 
184 nm (¢é,,,, 47,000) and 202 nm (¢,,,, 7,000), respectively. The E,-band which appears 


at shorter wavelength is usually more intense than the E,-band for the same compound 
which appears at longer wavelength. 


4.2.8 Various Structural Effects that have Remarkable Influence on the Electronic Spectra 


The following structural effects have remarkable influence on the electronic spectra: 


(a) Resonance effect Resonance stabilizes both the ground and the excited state of a 
species. However, the stabilization may be greater in one than in the other. If the excited 
state is more stabilized by resonance in comparison to the ground state, the electronic 
excitation energy (AE) will be lower than what it would have been if the ground state is 
more stabilized by resonance relative to the excited state and consequently, the A,,,,, value 
of the former case will be greater than that of the later case. Hence, it is not the magnitude 
of resonance energy but whether resonance stabilizes primarily the excited state or the 
ground state that decides the effect of resonance on electronic spectra. Conjugate systems 
have increased resonance stabilization in the excited states. Greater number of charge 
separated resonance structures that can be written for the conjugated systems perhaps 
brings about more resonance stabilization of the excited state which is more polar than 
the ground state. Thus, a conjugated system has lower AE value and hence larger 1,,,. 
value than a similar non-conjugated system. 


An alternate interpretation is as follows. As resonance effect (which depends upon 
conjugation) increases, AEyoMo -5 LuMo decreases and consequently, A,,,, Increases. 


(b) Hyperconjugative effect Hyperconjugation or no-bond resonance also brings stability 
to the excited state more than the ground state and it has the same effect on 4J,,,, as 
resonance has. 


An alternate interpretation is as follows. Since in hyperconjugation the o electrons of the 
C—H bond interact with the chromophoric group, the conjugation becomes extended. As a 
result of this, AEyWo mo -, tumo decreases and consequently 1,,,, increases. 


max 
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(c) Steric effect If steric effect reduces the coplanarity of the system, delocalization of z 
electrons becomes inhibited and as a consequence, the length of conjugation decreases. 
Because of this decreased conjugation, AEyoo _; tumo Increases, and consequently, A,,3 
decreases. 


(d) Hydrogen-bonding effect Owing to greater polarity, the strength of intramolecular 
hydrogen bonding increases in the excited state relative to the ground state and as a result, 
the excited state is stabilized by intramolecular H-bonding more than the ground state. 
Hence, the electronic excitation energy (AE) of a molecule possessing internal H-bond will 
be lower and consequently, the 4,,,,, value will be higher than what it would have been if 
there were intermolecular hydrogen bonding. 


4.2.9 Solvents Effects 


Polarity of solvents has a profound effects on the position and intensity of an absorption 
band. Both z > xa* and n > z* transitions are influenced by changing the polarity of 
the solvent. Compounds like conjugated dienes and aromatic hydrocarbons experience a 
very little solvent shift, while o,f-unsaturated carbonyl compounds show two different 
solvent shifts (i) the z > z* band moves to longer wavelength (red shift), while (ii) the 
n — m* band moves to shorter wavelength (blue shift). A polar solvent stabilizes z, 2* and 
n orbitals by solvation. The stabilization of nonbonding orbitals is particularly pronounced 
with H-bonding solvents (such as ethanol or water), and z* orbitals are more stabilized 
by solvation than are z orbitals, presumably because z* orbitals are relatively more polar 
than z orbitals. The net result is that the energy of z — z* transition becomes less with 
solvation (red shift), while the energy of n — z* transition becomes greater with solvation 
(blue shift). This can be expressed in the form of an energy diagram as follows (Figure 4.8): 
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Figure 4.8 Effect of solvation on the relative energies of orbitals and transitions in ~,{-unsaturated carbonyl com- 
pounds 


The effect of solvent polarity on the spectrum of mesityl oxide, for example, may be shown 
in Table 4.2. 
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Table 4.2 Effect of solvent polarity on the /, 


max 


of mesityl oxide (CH,CH==CHCOCH,) 


Solvent Amax (1% > 1*) Amax (n > 1*) 


Polarity and H-bond n-Hexane 327 nm 
forming ability Ether 326 nm 
increases downward Ethanol 518 van 
Water 306 nm 


[Alternate explanation: The excited state in most 2 — z* transitions is more polar than 
the ground state. Therefore, a polar solvent stabilizes the excited state more strongly 
than it does the ground state, by dipole-dipole interactions. As a result, the energy of 
the excited state is decreased more than that of the ground state, shifting the transition 
to longer wavelength (red shift). On the other hand, the ground state in most n > z* 
transitions is more polar than the excited state. H-bonding solvents, in particular, as well 
as aprotic polar solvents, interact more strongly with the unshared pair of electrons in the 
ground state lowering its energy more than in the excited state. The transition, therefore, 
requires more energy and the absorption occurs at a shorter wavelength (blue shift)]. 


4.2.10 Woodward-Fieser Rules for Calculating /,,,, for 7 — 2* Transitions in Conjugated 
Dienes, Trienes and Polyenes 


That the diene absorption is influenced by structure in a surprisingly regular way was 
first observed by R.B. Woodward. He formulated certain empirical rules for calculating 
Amax Values for substituted conjugated dienes, trienes, and polyenes. These rules were 
later modified by L.M. Fieser and M. Fieser. According to these rules, each type of diene 
(acyclic, heteroannular or homoannular) has a certain fixed basic value and the value of 
absorption maximum (A,,,,) depends upon: (i) the number of alkyl substituents or ring 
residues on the double bond, (ii) the number of double bonds which extend conjugation 
and (iii) the presence of polar groups like —Cl, —Br, —OR, —SR, etc. A ring residue is 
a C—C bond, not a part of the conjugated polyene system but attached to any one of the 
carbon atoms of the conjugated system. 


US ES OY 


Homoannular Heteroannular Ring residues 
diene diene 


The various rules for calculating /,,,, for 7 > 7* transitions (K-band) in conjugated dienes 


and trienes (in ethanol) are summarized in Table 4.3. 
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Table 4.3 Conjugated dienes and trienes (in ethanol) /,,,, for 7 > 7* transitions; €,,,, 6,000-35,000 
Base value for acyclic and heteroannular dienes 215 nm 
Base value for homoannular dienes 253 nm 
Base value for acyclic trienes 245 nn 
Increment for each substituent 
—R (alkyl) or ring residue 5nm 
—OR (alkoxy) 6 nm 
—SR (thioether) 30 nm 
—Cl (chloro), —Br (bromo) 5nm 
—OCOR (acyloxy) 0Onm 
—NR, (N, N-dialkylamine) 60 nm 
—CH=CH— (additional conjugation) 30 nm 
Cross conjugation O0nm 
One double bond exocyclic to one ring 5 nm 
One double bond exocyclic to two rings 10 nm 
Solvent shift 0nm 

° A : One double-bond exocyclic 
One double-bond exocyclic to to two rings 
one ring 


The method can be illustrated by the following three worked examples: 


1 Chay 


Ring residues 


It is a heteroannular diene with one alkyl substituent and three ring residues. 
Base value = 215 nm 
Increments for: 
One alkyl substituent= 5nm 
Three ring residues (8x5nm)= 15nm 
One exocyclic double bond = 5nm 
Calculated 4,,,, = 240 nm 


This is within 2 nm of the observed value. 
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2. 5 ; 


ring residué 
This is a homoannular diene with five ring residues, three exocyclic double bonds 
and one conjugated C=C. 
Base value = 253 nm 
Increments for: 
Five ring residues (5 x 5 nm) = 25 nm 
Three exocyclic double bonds (3 x 5 nm) = 15 nm 
One additional conjugation = 30 nm 


Calculated /,,,, = 3823 nm 
Zo 


3. Ce) ring residue 
i as 


It must be considered as a homoannular diene with four ring residues and 
two exocyclic double bond. The third double bond is cross conjugated with the 
homoannular diene system and therefore, it has no contribution to Aja: 

Base value = 253 nm 


Increments for: 
Four ring residues (4 x 5 nm) = 20 nm 
Two exocyclic double bonds (2 x 5 nm) = 10 nm 
Calculated /,,,, = 283 nm 


4.2.11 Woodward-Fieser Rules for Calculating 4,,,, for 7 — 2* Transition in 
a, B-unsaturated Carbonyl Compounds 


The method of use is similar to that for conjugated dienes, the only two variants are: (i) the 
distinction between a and f substituents and (ii) the importance of solvent shifts. Table 
4.4 shows the correlations that can apply to a,f-unsaturated carbonyl compounds. 


Table 4.4 ,$-Unsaturated carbonyl compounds (in ethanol); A,,,, for 7 — * transitions; €,,,, 4,500-20,000 


iT 
Ketones —C=C—C— acylic or ees aes 215 nm 
-ring cyclic 
Base | | 202 nm 
Aldehyd —C=C— 
values a Cae 207 nm 
; | | 197 nm 
Acid and esters —C—C—CO,H(R) 
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Increment for each substituent 
—R (alkyl) or ring residue a 10 nm 
B 12 nm 
yand higher 17nm 
—OH (hydroxy) a 35 nm 
BY 30 nm 
6 50 nm 
—OR (alkoxy) a 35 nm 
B 30 nm 
Y 17 nm 
6 31 nm 
—OCOR (acyloxy) a, B, y, 6 6nm 
—SR (thioether) only B 80 nm 
—Cl (chloro) a 15 nm 
By, 6 12 nm 
—Br (bromo) a, 7,6 25 nm 
B 30 nm 
NH,, —NHR, —NR, (amino) only B 95 nm 
—CH=CH— (additional conjugation) 30 nm 
39 nm 
Homodiene system ae 
= 
One double-bond exocyclic to one ring 5nm 
One double-bond exocyclic to two rings 10 nm 
Solvent corrections 
Above values are shifted to longer wavelength in more polar solvents (e.g., H,O) and to shorter wave- 
length in less polar solvents (e.g., CHC1,). For common solvents the following corrections must be applied 
in computing A,,,.- 
Water +8 nm 
Methanol 0Onm 
Chloroform -lnm 
Dioxan —-5nm 
Diethyl ether -7nm 
Hexane —-llnm 
Cyclohexane —-llnm 


It has been found is most of the cases that the experimental 4,,,,, values for ~,B-unsaturated 
carbonyl compounds are same or near the same as those calculated on the basis of 


Table 4.4. 
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Base value for o,f-unsaturated 6-ring ketone = 215 nm 


Increments for: One f-ring residue = 12 nm 
One ¥alkyl substituent and one o-ring residue (2x 17nm)= 34nm 
One exocyclic double bond= 5nm 


One additional conjugation = 30 nm 
.. Calculated 1,,,, = 296 nm 


Base value for o,f-unsaturated 6-ring ketone = 215 nm 


Increments for: One homodiene system = 39nm 
One B-ring residue = 12nm 

One ¥ring residue= 18nm 

One Gring residue= 18nm 

Two exocyclic double bonds (2x5nm)= 10nm 


One additional conjugation = 30nm 
.. Calculated A,,,, = 342 nm 


3. Ag 


Base value for acyclic a, B-unsaturated ketone = 215 nm 


Increment for one a-alkyl group = 10nm 
.. Calculated /,,,, = 225 nm 
[N.B. Had the spectrum been recorded in water, A,,,, would have moved to (225 + 
8) = 233 nm.] 


4.2.12 Rules for Calculating /,,,, for 7 — 2* Transitions in Benzoyl 
Derivatives 


Scott devised a set of rules for calculating the absorption maximum for the derivatives of 
acyl benzenes. These rules which help us in estimating the (,,,, in ethanol in a number of 
substituted aromatic ketones, aldehydes, acids and esters (RC,H,— C —X, where X=H, 
R, OH or OR), are given in Table 4.5. Ht 
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Table 4.5 Substituted aromatic ketones, aldehydes, acids and esters (in ethanol); A, 


max 


for z > 7* transition 


Base value for PhCqHO 250 nm 
Base value for PhCOR (R may be a ring residue) 246 nm 
Base value for PhCOOH or PhCcOOR 230 nm 
Increment for substituents: 
Alkyl or ring residue o,m 3 nm 
—OH or —OR Dp 10 nm 
o,m 7nm 
Pp 25 nm 
—O® te) 11 nm 
m 20 nm 
2) 78 nm 
—Cl o,m 0nm 
P 10 nm 
—Br o,m 2nm 
Dp 15 nm 
—NH, o,m 13 nm 
72) 58 nm 
—NHCOCH, o,m 20 nm 
P 45 nm 
—NHCH; Pp 73 nm 
—N(CHs3), o,m 20 nm 
72) 85 nm 


Following are two simple applications of these rules: 


Br 
CH; 


O 


O 
| 


Base value for CsH;—C—ring residue = 246 nm 


Increments for: 


o-ring residue = 3 nm 


m-Br = 2 nm 


-. Calculated A 


= 251 nm 
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Base value for CgH;CO,H = 230 nm 
Increments for: 

o- and m-OMe (2x 7nm)= 14nm 

p-OMe= 25nm 

.. Calculated /,,.,. = 269 nm 


max 


4.2.13 Applications of Ultraviolet Spectroscopy 


Some important applications of ultraviolet spectroscopy are as follows: 


(a) Detection of functional groups The technique can be applied to detect the presence 
or absence of a particular chromophore in the compound. The absence of a band at a 
particular wavelength may be regarded as an evidence for the absence of a particular 
group. If the spectrum is transparent above 200 nm, it shows the absence of (1) C=C— 
C=C, (ii) C=C—C=O or (iii) Ar—C=O moiety in the compound. 


(b) Distinction between a conjugated and a nonconjugated compound A conjugated compound 
can be distinguished from a nonconjugated compound by UV spectroscopy. For example, 
compound I absorbs at nearly 239 nm, whereas the compound II is transparent above 
200 nm. 


" ne 
(CH3)gC—=CH—C—CHs, CH,=C—CH,—C—CH3 
I II 

(conjugated: Aja, ~ 239 nm) (non-conjugated) 


(c) Extent of conjugation The extent of conjugation in polyenes R—(CH=CH),—R can be 
estimated by UV spectroscopy, 


(d) Identification of polynuclear hydrocarbons Benzene as well as polynuclear hydrocarbons 
have characteristic spectra in UV and visible region. Thus, they can be identified by 
comparing with known polynuclear compounds. 


(e) Determination of configurations of geometrical isomers cis-Alkenes generally absorb 
at different wavelengths as compared to the isomeric trans-alkenes. Because of steric 
strain, the cis-alkene becomes nonplanar and consequently, absorption occurs at a lower 
wavelength compared to the trans-alkene. cis-Stilbene, for example absorbs at 283 nm, 
whereas trans-stilbene absorbs at 295.5 nm. 
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Lo Steric interaction 
Ooo oO 
C=C C=C" 7 
Ho Ny Ho O 


trans-Stilbene 
(max = 283 nm) (max = 295.5 nm) 


cis-Stilbene 


(f) Detection of the preference of a particular tautomeric form Ifa molecule exists in two 
tautomeric forms, preference of one over the other can be detected by UV spectroscopy. 
2-Hydroxypyridine, for example, exists in equilibrium with its tautomeric form 2-pyridone. 


aw. = 
“N~ >OH N’ ‘oO 
H 
2-Hydroxypyridine 2-Pyridone 
The spectra of these two compounds were found to favour 2-pyridone which contains a 
C=C—C=O moiety. The equilibrium is, therefore, shifted towards the right. 


(g) Distinction between equatorial and axial conformations UV spectroscopic technique 
can also be used to distinguish between equatorial and axial conformations. The n > z* 
(R-bond) transition which appears at longer wavelength in a,f-unsaturated ketones is 
influenced by a polar group in the position. An axial ysubstituent shifts the absorption 
to longer wavelength compared to an equatorial ysubstituent. The compound I, for 
example, absorbs at a longer wavelength compared to the compound II. Thus, the two 
diastereoisomeric compounds can be distinguished by comparing their 4,,,,, values. 


‘Br: eee ee 
O J O ‘Br: 
II 


(h) Determination of the strength of H-bond Protic solvents form H-bonds with the 
n-electrons of carbonyl oxygen. Because of this, the energy of n-electrons in the ground 
state is decreased depending upon the strength of H-bond. The n — z* transition is, 
therefore, shifted towards the shorter wavelength. Hence, by measuring the 1,,,, of a 
carbonyl compound in a nonpolar and protic polar solvent, the strength of H-bond can be 


determined. 


(i) Distinction between aromatic and aliphatic amines Aromatic amines can be distinguished 
from aliphatic amines by comparing the spectral pattern of the neutral solution with that 
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of the acidic solution. Aromatic amines show a significant hypsochromic shift (blue shift), 
while aliphatic amines do not. 


(j) Distinction between phenols and alcohols Phenols can be distinguished from alcohols by 
comparing the spectral pattern of the neutral with that of the alkaline solution. Phenolic 
compounds show a bathochromic shift (red shift), while alcohols show no appreciable 
change in the spectral pattern by increasing the pH of the medium. 


(k) Distinction between B- and diketones £-Diketones remain mainly in the enol form 
which are conjugated systems exhibiting characteristic absorption band at a longer 
wavelengths. The enol forms of ydiketones are not at all conjugated and so they exhibit 
no characteristic absorption band. Thus, they can be distinguished by comparing their 
spectral pattern. 


/H.»~H-bond 
O O oO O 
Pentane-2,4-dione: pereenn = Jos 
(a B-diketone) (,eto-form) (enol-form) 


To CM SOLVED PROBLEMS TO 


1. (a) What percent of incident radiation is transmitted by a sample when 
its absorbance is 1.0 and 0, respectively? 
(b) What is the absorbance of a sample that transmits one-half of the 
incident radiation? 


Solution 

(a) A=logI)/I 
or 1 = log L)/I 
or log 10 = log I,/I 
or 10 =1,/I 
or I =I,/10, i.e., 10% of the incident radiation is transmitted. 
Again, 0 = log I,/I 
or log 1 = log Ip/I 
or 1=I)I 
or I =Ip,1.e., 100% of the incident radiation is transmitted. 


(b) A =log IyI = log as = log 2 = 0.3010 


2. A4x 10° M solution of isoprene (2-methy]-1,3-butadiene) in a 1.0-cm cell 
at A,ax = 222 nm has an A = 0.8. Calculate ¢,,,, for this transition. 
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Solution 


max 
max = 205 nm has 
an A = 1.18. Calculate the concentration of the compound if its absorbance 
A = 0.96 at Anax 
Solution 


Emax = Alel = 0.8/4 x 10° mol 1*)(1.0 em) = 2 x 101 mol em™ 
3. A9.37x 107° M solution of a compound in a 1.0-cm cell at A 


€.. = Alel = 1.18/(9.37 x 10° mol 1-)(1.0 em) = 1.26 x 1041 mol em 


max 


The molar absorptivity (€) is a constant for a particular compound at a given wavelength. 


Therefore, the concentration of the compound if its absorbance A = 0.96 at A,,,, 18: 


c = A/el = 0.96/(1.26 x 10* 7 mol! em7}(1.0 cm) = 7.6 x 10° mol 71 


4. A compound (molecular mass 110) has an absorption band with 1,,,, = 
215 nm (é€ = 10,000). A solution of this compound shows absorbance A = 
2.0 with a 1-cm cell. Calculate the concentration of this compound in this 
solution in grams per litre. 


Solution A= ecl 
or c =A/el = 2.0/10* x 1 = 2x 10 mol J"! 
or c=2x10*x 110 or 2.2 x 107 gi 


5. In UV-VIS spectrum, absorption bands appear rather than absorption 
lines. Account for this observation. 


Solution Each electronic energy level is associated with its vibrational and rotational 
energy levels. Thus, electron transitions may occur from any of several vibrational and ro- 
tational states of an electronic level to any of the several vibrational and rotational state of 
a higher level and as a result of this, most absorption bands in the visible and ultraviolet 
region are broad. 
6. Account for the following observations: 
(a) Ethylene is colourless, but the polyene CH;(CH=CH),CH; is yellow. 
(b) Most free radicals are coloured. 
(c) Lycopene, which contributes to the colour of ripe tomatoes, is a red 
substance. 
(d) £-Carotene, which is responsible for the colour of carrots, is an 
orange substance. 
(e) 1,4-Pentadiene does not absorb light above 200 nm. 
(f) The absorption of nitrobenzene is more intense than benzene and 
the wavelength is shifted to longer region. 
(g) o—7* and z—- o* electronic transitions do not take place. 
Solution 
(a) Ethylene has 4,,,, = 175 nm and 6¢,,,, = 5000. This absorption band is due to 
m — 7m transition, and since it is in the far UV region, ethylene is coloureless. As 


(b) 


(c) 


(d) 


(e) 


(f) 


(g) 
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conjugation increases, the energy difference between HOMO and LUMO decreases 
(the energy of HOMO increases and the energy of LUMO decreases) and when 
it reaches the visible region, colour (complementary) appears in the compound. 
In the highly conjugated polyene CH;(CH=CH),.CHs3, the HOMO—LUMO energy 
gap is quite small. So, the absorption occurs in the blue region and consequently, 
the compound appears yellow (the complementary colour). 

The presence of the unpaired electron in a free radical changes the electronic energy 
levels from those in the parent molecule. In general, the energy difference between 
the highest occupied and lowest unoccupied MOs is lowered, and consequently, the 
absorption wavelength is lengthened and may enter the visible region. Because of 
this, most free radicals are coloured. 

Lycopene is a highly conjugated system of 11 double bonds and absorbs in the blue 
region of visible light (A,,,, = 505 nm). Because of this, lycopene appears red. 


SNS See ass *—8z SN iN ~\ 


Lycopene 
(red) 
Since f-carotene contains a large number (eleven) of conjugated double bonds, it 
has an absorption maximum at 497 nm, well into the visible region. Thus, when a 
sample of B-carotene is exposed to white light, blue-green light is absorbed, and eye 
perceives the complementary colour of blue-green, which is red-orange. 


STS OS OS Oe Se O OEE OS 


B-Carotene 
(red-orange) 


1,4-Pentadiene (CH,—=CHCH,CH=CH,) is a nonconjugated diene. Because of 
this, its HOMO-LUMO energy gap is much larger and so, it does not absorb light 
above 200 nm. 

Benzene is a symmetrical molecule and consequently, has no transition dipole. 
However, since some bending vibrations distort its shape, benzene does show 
absorption. Introduction of substituents into the benzene ring destroys its 
symmetry and thereby gives rise to an increased intensity of absorption, and by 
extending the conjugation, increases the wavelength of the absorption band. Thus, 
since nitrobenzene (PhNO,) has a large transition dipole, its absorption is more 
intense than that of benzene, and because of extended conjugation, the wavelength 
is shifted to the longer region (red shift). 

If the axis of the unoccupied orbital remains oriented along the nodal plane of 
the occupied orbital, no electronic transition takes place. The axis of the o-bond 
remains oriented along the nodal plane of p-orbital which forms z-bond. Again, 


i aa aerecet bts ace deat enti tate Lene oem aetna ana Boe 
the axis of p orbital remains oriented along the nodal plane of the orbital forming 
o-bond. Because of this, 7 > o* and o > z* transitions are symmetry forbidden, 
i.e., these types of electronic transitions do not take place at all. 

7. What type of electronic transitions do you except from each of the 
following compounds? 
(a) Ethane, (b) Cyclopentane, (c) Cyclopentene, (d) Methanol, (e) Propanal, 
(f) Vinyl chloride 
Solution 
(a) Ethane (CH,—CH3) contains only o (bonding) MO’s. Therefore, only o > o* 
electronic transition is expected to take place in ethane. 


(b) Cyclopentane OC) also contains o(bonding) MO’s. So the only electronic 
transition one would expect is 6 > o*. 
(c) Cyclopentene (O)| contains o and z MO’s. Therefore, o ~ o* and a > 7* 


electronic transitions are expected to take place in this compound. 

(d) Methanol (CH,OH) contains candn MO’s. Therefore, o—> o* and n > o* electronic 
transitions are expected to take place in this compound. 

(e) Propanal (CH,CH,CH=O:) contains o, 2 and n MO’s. Therefore the expected 
electronic transitions are: 0 > o*,n > o*, > m* andn > x. 

(f) Vinyl chloride (CH,—CH— Cl: ) also contains o, z and n MO’s. So, also in this case, 
the expected electronic transitions are: o> o*,n > o*, 7> m* andn > x. 

8. Which member of each pair absorbs UV/VIS light at a longer wavelength 
than the other? 
(a) 1,3-Pentadiene and 1,4-pentadiene 
(b) Hept-1-en-4-one and hept-2-en-4-one 
(c) Propiophenone and phenylacetone 
(d) 1,2-Dihydronaphthalene and 1,4-dihydronaphthalene 


Solution Conjugated dienes and enones have longer wavelengths of absorptions than do 
nonconjugated. Therefore, (a) 1,3-pentadiene (CH,—=CH—CH=CHCHs), (b) hept-2-en-4- 
one (CH,CH,CH,COCH=CHCH,), (c) propiophenone (PhCOCH,CH;) and (d) 1,2-dihy- 


dronaphthalene @e) will absorb UV/VIS light at longer wavelengths compared to 


the other member. 
9. (a) Account for the following variations in /,,,, of CH3;Cl (173 nm), CH,Br 
(204 nm), and CH.I (258 nm). 
(b) Explain the following 1,,,, (nm) values given in parentheses: 
methane (125); ethane (185); cyclopropane (190) 
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Solution 


(a) 


(b) 


10. 


The electronic transition must be n > o*. On going from Cl to Br to I, the n 
electrons (i) are found in higher principal energy levels (3, 4 and 5, respectively), 
(ii) are progressively less tightly held with the nucleus and (iii) are more easily 
excited. Therefore, absorption occurs at progressively higher 1,,,, since less energy 
is progressively required. 
Since these compounds contain only single bonds, absorption must be due to 
o — o* transitions. In methane (CH,), the only transition possible is that of the 
C—H bond. In ethane (CH,—CHs), transitions for the C—H and C—C bonds are 
possible. The latter transition requires less energy to bring it about and so, this 
occurs at a longer wavelength compared to that for the C—H bond. Therefore, the 
absorption band at 185 nm is due to the transition involving the C—C bond in 
ethane. Cyclopropane (A) can also undergo only o > o* transitions involving C—C 
and C—H bonds. The absorption band at 190 nm is due to the transition involving 
the C—C bond. However, the C—C bonds in cyclopropane are not ‘pure’ o bonds. 
They possess certain amount of z bond character (z bonds are p—p bonds). Hence, 
because of partial z bond character of the C—C bonds, the energy required for 
o — o* transition is less than that required in the case of ‘pure’ o bond as in ethane 
and as a consequence, the 4,,,, of cyclopropane is shifted to a longer wavelength. 
(a) For disubstituted benzene derivatives predict the relative red shifts 
when electron-donating and electron-withdrawing groups are (i) 
para, (ii) ortho and (iii) meta to each other. 
(b) Predict the effect of two electron-releasing or electron-withdrawing 
groups in the same ring. 


Solution 


(a) 


(i) When electronically complementary groups such as amino and nitro, are 
situated para to each other as in p-nitroaniline, there is pronounced red 
shift (in the main absorption band) which is much greater than the sum 
of the individual effects of the two substituents due to the extension of 
the chromophore from the electron-donating to the electron-withdrawing 
substituent through the benzene ring. 


p-Nitroaniline 


(ii) When the two complementary groups are situated ortho to each other, the 
red shift is a little greater than the sum of the individual effect of the two 
substituents because steric strain caused by these two adjacent groups 
hampers the coplanarity of the system needed to achieve resonance interaction. 
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L o-Nitroaniline | 


(iii) When the two complementary groups are situated meta to each other as in 
m-nitroaniline, there is no interaction between the two groups (due to lack of 
conjugation) and the magnitude of the shift is approximately equal to the sum 
of the individual shifts. 


uN-< 2? .-  (m-nitroaniline) 
@ 20: 
— 


(b) The effect of two electronically similar groups are not additive. So, the effect of two 
such groups in the same ring is similar to those for monosubstituted benzenes. 


un © OOOO® 


Benzene Naphthalene Anthracene Naphthacene 
Amax: 254 nm 314 nm 380 nm 480 nm 
As the number of linearly fused benzene rings increases, 1,,,, of the benzenoid 
band shifts towards longer wavelength. Explain this observation. 


Solution The HOMO-LUMO energy gap of aromatic benzene molecule is considerably 
high because transfer of an electron from HOMO to LUMO causes destruction of aromatic 
sextet of aromatic stability of the molecule. As the number of linearly fused benzene rings 
increases, the degree of aromatic stability decreases and the degree of conjugation in- 
creases. As a result, the HOMO-LUMO energy gap decreases and consequently, the 1,,,,. 
shifts to longer wavelength. 

12. The 4,,,x of neutral or acidic solution of 2-hydroxypyridine is higher than 

that of its alkaline solution. Explain. 


| =. NaOH, [ |]. 
(ar ieee ~ Sy? NE 


I II II 
2-Hydroxypyridine 


Solution 


In neutral or acidic solution, 2-hydroxypyridine mainly exists in the amide form II. It is 
nonaromatic and the conjugation in it is extended. Because of this, the HOMO-LUMO 
energy gap is small and the compound absorbs at a longer wavelength. When the compound 
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is treated with a base, it becomes converted to III. Since the structure III is aromatic, the 
HOMO-LUMO energy gap is large and the compound absorbs at a shorter wavelength. 
13. Explain why the /,,,, value increases on going from I to III. 


Et Et CO,H 


I II III 
Amax. 203 nm 245 nm 262 nm 


Solution The conjugation in II from nitrogen lone pair through the pyrrole ring (involv- 
ing one double bond) to the carbonyl group at C-3 increases the length of the chromophore 
and because of this, absorption occurs at a wavelength longer than I in which there is no 
extended conjugation. 

The conjugation in III from nitrogen lone pair through the pyrrole ring (involving two 
double bonds) to the carbonyl group at C-2 further increases the length of the chromophore 
and because of this, absorption occurs at a wavelength longer than II. 


‘7 _ 
ie \D <—> ee 
Cx. rs RN = WN So ca 
OH OH 
iz <> Hl mH ie 
N NZ ‘0: 0: 
| H H | “TH (pax: 262 nm) 


II (Amax: 245 nm) 


14. How can the rate of a reaction be measured using UV spectroscopy? Give 
an example. 


Solution To measure the rate of a reaction by UV-VIS spectroscopy one of the reac- 
tants or one of the products must have a distinct observable absorption at which other 
reactants and products have little or no absorbance. The UV spectrophotometer is adjust- 
ed to measure the absorbance, A, of either the product or the reactant at its A,,,, as a func- 
tion of time instead of absorbance as a function of wavelength and the rate of the reaction 
is determined by monitoring the increase or decrease in absorbance with time at that /,,,.- 


The rate of the following reaction, for example, can be measured by UV-VIS spectroscopy. 


3) 
CH;NO, + OH° == CH,NO, + H,O 
Nitromethane Nitromethyl anion 


(max = 240 nm) 
The anion of nitromethane has a (,,,, = 240 nm, but either H,O or the reactants do not 
show any significant absorbance at that wavelength. In order to measure the rate at 


which the nitromethyl anion is formed, i.e., the rate at which OH® takes up a proton from 
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nitromethane, the UV spectrophotometer is adjusted to measure absorbance at 240 nm as 
a function of time. Nitromethane is added to a quartz cell containing an alkali solution, 
and the rate of the reaction is determined by monitoring the increase in absorbance with 
time at 240 nm. 


15. 


Absorbance at 240 nm 


Time —> 


How can the rates of the following reactions be determined by UV 
spectroscopy? 
(a) CH,—CH—CH=—CH, + H, (1 equiv.) —— 


(b) = 1. (Me CHO); Al in MegCHOH (MPV) 
ss W4>ws woe» 


2.H,0° 


® 
(c) CsH;CH,CH,OH —43— 


Solution 


(a) 


(b) 


(c) 


16. 


Either 1,2- or 1,4-addition converts a conjugated diene to a simple alkene 
(CH,CH,CH=CH, or CH,CH=CHCH;), 1,3-Butadiene absorbs at 217 nm. 
Therefore, the rate of hydrogenation can be determined by monitoring the decrease 
in absorbance at 217 nm with time. 

MPV reduction converts the a, B-unsaturated ketone (A,,, = 225 nm) to an 
unsaturated alcohol (CH,=CMeCHOHMe). Therefore, the rate of the reaction can 
be determined by monitoring the decrease in absorbance at 225 nm with time. 
2-Phenylethanol undergoes acid-catalyzed dehydration to give’ styrene 
(CgH;CH=CH,). Benzene has two important absorptions: K-band and B-band. 
Both of these shift to longer wavelength (204-248 nm and 254-282 nm). Therefore, 
the rate of the reaction can be determined by monotoring the increase in absorbance 
at either 248 or 282 nm with time. 

Mesityl oxide (Me,C = CHCOMe) shows two absorption bands one at 230 
nm and another at 321 nm in isooctane. Assign these 1,,,, values in terms 
of electronic transitions. How do these absorption bands change their 
positions on changing the solvent from isooctane to water? 


Solution The z — z* transition corresponds to the absorption band at 230 nm, whereas 
n — 7 transition corresponds to the absorption band at 321 nm. 


On increasing the polarity of the solvent (isooctane to water) the 7 > z* absorption band 
moves to longer wage-length (red shift), whereas n —> 2* absorption band moves to shorter 
wavelength (blue shift). 


Fe che ideas ets teat eccate at ae cenG ed ao beac sran pao aig nae eRtatteas Organic ehenisny. eMac ine enede 
17. The absorption spectra of 4-methylpent-3-en-2-one gives two sets of 
Amax Values: (i) 230 nm and 321 nm and (ii) 237.6 nm and 314 nm in two 
different solvents. Identify the bands and name the solvent (chloroform 
or petroleum ether) associated with each set of /,,,, values. 


Solution The lower J,,,,, values (230 and 237.6 nm) are due to z > z* transitions (K-band) 
and the higher A 


max Values (321 and 314 nm) are due to n — z* transitions (R-band). 


Since the lower value, i.e., the z > z* transition, is increased (230 — 237.6 nm) and the 
higher value, i.e., the n — z* transition is decreased (321 — 314 nm) on going from Ist 
to the 2nd set, petroleum ether (a nonpolar solvent) is associated with the Ist set of 1,,,. 
values and chloroform (a polar solvent) is associated with the 2nd set of ,,,, values. 

18. In aqueous solution acetylacetone shows an UV absorption band at 4,,.,. 
= 274 nm (€,,4x = 2,050). Explain why the intensity is increased markedly 

when the spectrum is recorded in isooctane (/,,,, = 272, Emax = 12,000). 

Solution Acetylacetone (CH,;,COCH,COCHS) exists as an equilibrium mixture of two 
tautomeric forms: 


O O on Ds eg -.69 
I I _ Gj ey es I | 


(a See aol ~ |CHs~ Con ace CHs~ CGH GE, 


Keto-form Enol-form 
(more polar) (less polar) 


It is the enol tautomer which is responsible for the absorption of acetylacetone and 
therefore, the intensity of absorption depends on the concentration of the enol tautomer. 
The keto tautomer is more polar than the enol tautomer. So, in highly polar solvent water, 
the keto tautomer exists predominantly. On the other hand, the less polar enol tautomer 
exists predominantly in the nonpolar solvent isooctane. For this reason, the absorption 
band of acetylacetone becomes more intense when the solvent is changed from water to 
isooctane. 

19. Use Woodward-Fieser rules to calculate the 4,,,, values for the z > z* 

transition in the following compounds (in ethanol): 


(a) 2 (b) oe (©) as 
@¢ >< > (e) eo Cy) a an 
AcO 
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Solution 


(a) Za =a =a 


It is an acyclic diene with two alkyl substituents and one double bond which 
extends conjugation. 
Base value = 215 nm 
Increments for: 
Two alkyl substituents (2x5nm)= 10nm 
One conjugated C=C = 30nm 


-. Calculated A, = 255 nm 
r Sr 
(b) 2a 


ouble bonds 


It is a heteroannular diene with two exocyclic double bond, four ring residues and 
one double bond that extends conjugation. 
Base value = 215 nm 
Increments for: 
Four ring residues (4x5nm)= 20nm 
Two exocyclic double bonds (2x5nm)= 10nm 
One conjugated C=C = 30nm 


Calculated A... = 275 nm 
© CA 


max 
It is a homoannular diene with four ring residues and two exocyclic double bonds. 
Base value = 253 nm 


Increments for: 
Four ring residues (4x5nm)= 20nm 
Two exocyclic double bonds (2x5nm)= 10nm 


Calculated 1,,,, = 283 nm 


r 
r 


(d) 
: 
It is a heteroannular diene with four ring residues. 
Base value = 215 nm 
Increment for: 
Four ring residues (4x5nm)= 20nm 


Calculated A... = 235 nm 


max 
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(e) es) ie 


It is a homoannular diene with four ring residues and two exocyclic double bonds. 
Base value = 253 nm 
Increments for: 
Four ring residues (4x5nm)= 20nm 
One —Br substituent= 5nm 
Two exocyclic double bonds (2x5nm)= 10nm 


. Calculated 4,,,, = 288 nm 
a a 


It is an acyclic diene with two alkyl substituents, two ring residues and one exocyclic 
double bond. 


Base value = 215 nm 
Increments for: 
Two alkyl substituents (2x5nm)= 10nm 
Two ring residues (2x5nm)= 10nm 
One exocyclic double bond = 5nm 
Calculated /,,,, = 240 nm 


r 


@ Ont 


It is a bicyclic diene with two ring residues and two exocyclic double bonds. 
Base value = 215 nm 
Increments for: 
Two ring residues (2x5nm)= 10nm 
Two exocyclic double bonds (2x5nm)= 10nm 
Strain correction for one bicyclic system = 15 nm 


Calculated 1,,,, = 250 nm 
VoD 
(h) 
ee 


6 r 
It is a heteroannular diene with four ring residues and two exocyclic double bonds. 
Due to cross conjugation, the third double bond, contributes nil. 
Base value = 215 nm 
Increments for: 
Four ring residues (4x 5nm)= 20nm 
Two exocyclic double bonds (2x5nm)= 10nm 
Calculated /,,,, = 245 nm 
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(i) 


(k) 


(1) 


AcO 
Itis ahomoannular diene with five ring residues, three exocyclic double bonds, one 
—OAc substituent and two double bonds which extend conjugation. 
Base value = 253 nm 
Increments for: 
Five ring residues (6x5nm)= 25nm 
Three exocyclic double bonds (8 x5 nm)= 15 nm 
One —OAC substituent= Onm 
Two conjugated C=C (2x 30nm)= 60nm 
Calculated 1,,,, = 353 nm 


It is a homoannular diene with five ring residues, one exocyclic double bond and 
two double bonds which extend conjugation. 
Base value = 253 nm 
Increments for: 
Five ring residues (6x5nm)= 25nm 
One exocyclic double bond = 5nm 
Two conjugated C=C (2 x 30nm)= 60nm 
Calculated 1,,,, = 3848 nm 


< 
It is a heteroannular diene with four ring residues and two exocyclic double bonds. 
Base value = 215 nm 
Increments for: 
Four ring residues (4x5nm)= 20nm 
Two exocyclic double bonds (2x5nm)= 10nm 


Calculated A,,,, = 245 nm 


r 
r 


It is a homoannular diene with two ring residues and two alkyl substituents. 
Base value = 253 nm 
Increments for: 
Two ring residues (2x5nm)= 10nm 
Two alkyl substituents (2x5nm)= 10nm 
Calculated 1,,,, = 273 nm 
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It is a heteroannular diene with two ring residues and one alkyl substituent. 
Base value = 215 nm 
Increments for: 
Two ring residues (2x5nm)= 10nm 
One alkyl substituent= 5nm 
Calculated /,,,, = 230 nm 
[It is to be noted that the calculated 4,,,,, values are nearly equal to or equal to the 
observed values.] 
20. Catalytic hydrogenation of the triene A with one equivalent of H, give 
three isomeric dienes B, C and D. 


CL (A) —— Bec#D 


How can you identify the resulting dienes by calculating 1,,,, values using 
Woodward-Fieser rules? 


Solution The structures of the three isomeric dienes are as follows: 
B C D 


For the diene B: 
Base value = 253 nm 
Increments for: 
Three ring residues (3x 5nm)= 15nm 
One exocyclic double bond = 5nm 
Calculated /,,,, = 273 nm 


For the diene C: 
Base value = 215 nm 
Increments for: 
Three ring residues (3x 5nm)= 15nm 
One exocyclic double bond= 5nm 
Calculated /,,,, = 235 nm 


For the diene D: 
As this diene is not a conjugated one, its /,,,, value will be less than 200 nm, i.e., it will be 
trasparent above 200 nm. 
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Therefore, the three dienes can be distinguished by their expected 1. 


max Values. 


21. Calculate the 4,,,, values for the z —> z* transition in the following 
compounds (in ethanol) by using Woodward-Fieser rules. 
O 
O O 
(a) (b) © CLS 
OH O 
O HO Me 
@ Cyr (e) (f) 
O Me 
0 O 
O 
0) Pee (k) AAT (1) 
O O 
(m) 
AcO O 
Solution 
It is an a@,f-unsaturated five-ring ketone with one a-alkyl substituent, one B-alkyl 
substituent and one f-ring residue. 
Base value = 202 nm 
Increment for: 
One a-alkyl substituent = 10nm 
One f-alkyl substituent = 12 nm 
One f-ring residue = 12 nm 
Calculated /,,,, = 236 nm 
O 
(b) oak 


It is an a,B-unsaturated acyclic ketone with one a- and one f-ring residue. 
Base value = 215 nm 
Increment for: 
One o-ring residue = 10 nm 
One f-ring residue = 12 nm 
Calculated /,,,, = 237 nm 


(d) 


(e) 


(f) 
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It is an o,B-unsaturated 6-ring ketone with one y-ring residue, one &ring residue, 
one additional conjugation and one exocyclic double bond. 
Base value = 215 nm 
Increments for: 
One y-ring residue = 18nm 
One 6ring residue = 18 nm 
One additional conjugation = 30 nm 
One exocyclic double bond = 5nm 


Calculated /,,,, = 286 nm 


2 e 0 
It is an a,B-unsaturated six-ring ketone with one y-ring residue, two 6-ring residues 
and one additional conjugation. Also, it contains a homodiene system. 
Base value = 215 nm 
Increments for: 
One homodiene system = 39nm 
One y-ring residue = 18nm 
Two o-ring residues (2x 18 nm)= 36nm 
One additional conjugation = 30nm 


Calculated 4,,,, = 338 nm 


OH 


7 


O 
It is an a,B-unsaturated six-ring ketone system (actually the enol-form of a 
B-diketone) with one B-OH group and one f-ring residue. 
Base value = 215 nm 
Increments for: 
One £-OH group = 30nm 
One f-ring residue = 12 nm 
Calculated /,,,, = 257 nm 


It is an a, B-unsaturated 6-ring ketone system (actually the enol form of a 
a-diketone) with one a-OH group, one f-alkyl alkyl substituent and one f-ring 
residue. 
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Base value = 215 nm 
Increments for: 
One a-OH group= 35nm 
One f-alkyl group = 12nm 
One f-ring residue = 12 nm 
Calculated A, = 274 nm 


max 


(g) 


It is an a,B-unsaturated five-ring ketone with one f-alkyl substituent, one -ring 
residue, one &ring residue, one additional conjugation and one exocyclic double 
bond. 
Base value = 202 nm 
Increments for: 
One f-alkyl substituent = 12 nm 
One y-ring residue = 18nm 
One Gring residue = 18 nm 
One additional conjugation = 30nm 
One exocyclic double bond = 5nm 


Calculated /,,,, = 285 nm 


Itis an a, f-unsaturated six-ring ketone with one f-ring residue, two w-ring residues, 
one w-alkyl group, two exocyclic double bonds and two additional conjugated double 
bonds. 


Base value = 215 nm 
Increments for: 
One f-ring residue = 12 nm 
Two wring residues (2x 18nm)= 36nm 
One w-alkyl substituent = 18 nm 
Two exocyclic double bonds (2x5nm)= 10nm 
Two additional conjugated double bonds (2 x 30 nm) = 60 nm 


Calculated /,,,, = 3851 nm 


Q 
(i) 
It is an a, B-unsaturated six-ring ketone with one o-ring residue, two f-ring 
residues and one double bond exocyclic to both the rings. 


@) 


(k) 


(1) 
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Base value = 215 nm 
Increments for: 
One o-ring residue = 10 nm 
Two f-ring residues (2x 12nm)= 24nm 
One double bond exocyclic to both the rings = 10 nm 


.. Calculated A... = 259 nm 


max 


O 


~ HX 


It is an acyclic a,B-unsaturated ketone with one f-alkyl substituent. Since the 
other double bond is cross-conjugated with the chromophore, it has no contribution 
10 Avene 

Base value = 215 nm 
Increment for: 


One f-alkyl substituent = 12 nm 
Calculated 4,,,, = 227 nm 


max 


O 
It is an acyclic a,f-unsaturated ketone with one f-alkyl substituent, one yalkyl 
substituent and one additional conjugation. 
Base value = 215 nm 
Increments for: 
One f-alkyl substituent = 12 nm 
One ¥alkyl substituent = 18nm 
One additional conjugation = 30nm 


Mh Calculated A... = 275 nm 


max 
O 
It is an a,f-unsaturated six-ring ketone. There is a cross conjugation in this 
compound, i.e., the carbonyl group has a,f-unsaturation on either side. However, 
the value of 4,,,x 18 to be calculated by considering the most highly substituted 
conjugated system, i.e., the system containing the double bond exocyclic to the 
other ring. 


Base value = 215 nm 


Increments for: 
Two f-ring residues (2x 12nm)= 24nm 
One exocyclic double bond = 5nm 


Calculated A 


max 


= 244 nm 
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(m) 
AcO O 
It is an a@,f-unsaturated six-ring ketone with one a, one B- and one-yring residue. 
Also, there is one additional conjugation and a homodiene system in the compound. 
Base value = 215 nm 
Increments for: 
One o-ring residue = 10 nm 
One f-ring residue = 12 nm 
One &ring residue = 18 nm 
One additional conjugation = 30nm 
One homodiene system = 39nm 
Calculated A,,,, = 324 nm 
22. The following four ketones are kept in four bottles and their labels are 
removed. Their observed 4,,,, values are 221, 249, 237 and 258 nm. Assign 
structures to the appropriate /,,,,- 


O Me \ Me CHe 
< y< » < Y $ Me mT CHCH,“S~¢“0™ 
| 


Solution The /,,,, values of these four o,$-unsaturated ketones are calculated by using 
Woodward-Fieser rules as follows: 


For compound I: 
Base value = 215 nm 
One o-ring residue = 10 nm 
Two B-ring residues (2x 12 nm)= 24nm 
One double bond exocyclic to two rings = 10nm 
Calculated 4,,,, = 259 nm 


max 


For compound II: 
Base value = 215 nm 
On o-ring residue = 10nm 
On f-ring residue = 12nm 
Calculated 1,,., = 237 nm 


max 
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For compound III: 
Base value = 215 nm 
On o-alkyl group = 10 nm 
Two B-alkyl substituents (2x 12nm)= 24nm 
Calculated 1,,., = 249 nm 


max 


For compound IV: 
Base value = 215 nm 
On o-alkyl substituent = 10 nm 


-. Calculated /,,,., = 225 nm 
Therefore, the compounds showing /. 


max at 221, 249, 237 and 258 nm are IV, III, II and 
I, respectively. The observed values are nearly equal to or identical with the calculated 


values. 
23. How can the UV spectral data /,,,, 296 nm, €,,,, 10,700 and /,,,, 281 nm, 


20800 be helpful in distinguishing the structures given below: 


I I 


Emax 


Solution The compound with 1,,,. 10700 has almost the half intensity of this 
band (K-band) as compared to the other. This decrease in intensity is due to steric strain 
caused by a methyl group and its effect on the absorption of the conjugated system. There- 
fore, the compound with decreased intensity of the K-band is I. 


24, Calculate the absorption maximum in ethanol for each of the following 


296 nm, € 


max 


compounds: 
OMe 
O MeO O 
CH 
@ sro alge (b) > OO ior * 5 
Ox 9 OCHS 
CO.H CHO cr 
@ Cr (e) Jy ( 
Br Cl 
Cl 
O Cl CH; 


CO,Et 
CH; 2 ; 
(g) caconw (h) cry oO 


OH O 


as 
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Solution 


(a) 


(b) 


(c) 


(d) 


(e) 


O 
es 


Base value for aromatic ketone = 246 nm 
Increments for: 

o-ring residue= 3nm 

p-OMe group= 25nm 


Calculated 1,,,, = 274 nm 


— OMe 
e 
4 


Base value for aromatic ketone = 246 nm 
Increments for: 

o-ring residue= 3nm 

m-OMe group= 7nm 

p-OMe group= 25nm 


Calculated A... = 281 nm 


max 


O 


Cl 


Base value for aromatic ketone = 246 
Increment for p-Cl group = 10nm 


Calculated A,,... = 256 nm 


max 


O 
I 


yom 
B 


Base value for aromatic carboxylic acid = 230 nm 
Increment for p-Br group = 15nm 


Calculated A... = 245 nm 


max 


Base value for aromatic aldehyde = 250 nm 
Increments for: 

p-Cl group= 10nm 

m-Cl group= Onm 


Calculated A... = 260 nm 


max 
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Base value for aromatic ketone = 246 nm 
Increment for o-OMe group= 7nm 
Calculated A... = 253 nm 


max 


O 


fo) CY ne 
CH;CONH: 


Base value for aromatic ketone = 246 nm 
Increment for p-NHAc group= 45 nm 
Calculated A... = 291 nm 


max 


Cl CH, 
r CO,Et 
(h) 


OH O 
Base value for aromatic ketone = 246 nm 
Increments for: 


o-ring residue= 38nm 
o-OH group= 7nm 
m-Cl substituent = Onm 
Calculated /,,,., = 256 nm 


max 
(i) 
O 
Base value for aromatic ketone = 246 nm 
Increments for: 
o-ring residue= 38nm 
m-alkyl substituent = 3nm 
Calculated 1,,,, = 252 nm 


25. An aromatic ketone (CyH,,O,) gives positive iodoform test but does not 
give any test for phenolic —OH. The observed J,,,,, value of the compound 
is 274 nm. Predict the structure of the ketone. 


Solution Since the ketone gives positive iodoform test, therefore, it must contain a 
—COCH,; group. The molecular formula of acetophenone (PhCOCHS) is CgH,O. Therefore, 
the compound must have a (CgH,;),»0,—CgH,;,O = OCH;) —OCHs3 group and so, it does not 
give a test for phenolic —OH. Thus, the given compound is any one of the three isomeric 
(ortho-, meta- and para-) methoxyacetophenone. Now, the 4,,,, values of the three com- 
pounds may be calculated as follows: 
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Os _CHs3 Os _CHs3 On _CHs3 
cr™ on 
OMe 
OMe 
o-Methoxyacetophenone m-Methoxyacetophenone p-Methoxyacetophenone 

Base value = 246 nm Base value = 246 nm Base value = 246 nm 

Increment for Increment for Increment for 
o-OMe group= 7nm m-OMe group= 7nm_- p-OMegroup= 25nm 
Amax = 253 nm * Amax = 253 nm as Amax = 271 nm 


Since the calculated A,,,, for p-methoxyacetophenone (271 nm) is very close to the given 


value (274 nm), the compound is p-methoxyacetophenone. 


26. What do you mean by /,,,, and €,,,, values in a UV spectrum? Explain your 
answer with a suitable diagram of an a,f-unsaturated ketone. 


Solution The wavelength corresponding to maximum absorption (maxima of the curve) is 
denoted as A,,,, and the intensity of absorbance at that wavelength is expressed as &,,,.- 
A typical UV spectrum is shown below, where the compound has undergone both z > z* 
and n — 7z* transitions, is given as follows. 


a — m* transition (K-band) 
Bo+ (Amax = 242 nm, &)., = 18,000) 


Poe 


n — 7 transition (R-band) 
ZA (Amax = 296 nm, &,,. = 100) 


4.07 


3.07 


log € 2.0+ 


1.07 


200 250 300 350 400 
A (nm) —> 
27. Predict and explain the following changes in the auxochromic red/blue 
shifts: (a) when PhNH, is acidified (b) when PhOH is basified and (c) when 
PhCOOH is basified. 
Solution ; a 
(a) In acid, PhNH, undergoes protonation to give PhNH,. The unshared electron 


® 
pair on nitrogen is no longer available in PhNH,. As a result, the resonance 
interaction with the ring does not take place and absorption now occurs at a shorter 


(b) 


(c) 


28. 
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8 
wavelength (blue shift). A,,,, of PhNH, is 230 nm, whereas that of PhNH, is 203 


max 
nm (similar to benzene). 


<O>-NH, + H,0® —> <O>-NH; + H,0 


Aniline Anilinium ion 
Phenol reacts with base to form phenoxide ion. 


OH 


0° 
CO]+ on > Oo + H,O 


Phenol Phenoxide ion 
Since, in PhO®, there is a full-fledged negative charge on oxygen, —O° is a better 
electron donor than —OH. As a consequence, resonance interaction with the ring is 
highly increased and the absorption shifts to a longer wavelength (red shift), from 
210 to 235 nm. 
Benzoic acid (PhCOOH) reacts with base to form its conjugate base PhCOO°. The 
—COO® group, because of its full negative charge (causing effective resonance 
interaction within itself), becomes a poorer electron-withdrawing group. As a 
consequence, resonance interaction with the ring is decreased and absorption 
occurs at a shorter wavelength (blue shift), from 230 to 224 nm. 
How would you distinguish between the two compounds in each of the 
following pairs by UV spectroscopic studies? 


8G ew 
a vag aS 


VIII 


Solution 


(a) 


(b) 


In compound I, the two double bonds are conjugated and present in a ring, i.e., it is 
a homoannular diene. Hence, it exhibits /,,,, at around 253 nm. But the compound 
II is not a conjugated diene. So, it will not show any characteristic absorption in 
the UV-region. 

The compound III is a homoannular diene with one alkyl substituent. The third 
double bond is not conjugated with the homoannular diene system. Therefore, the 
compound is expected to exhibit a A,,,, around 253 + 5 = 258 nm. In compound IV, 


all the three double bonds are conjugated. It is also a homoannular diene with one 
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alkyl substituent. Therefore, the compound is expected to exhibit a A,,,, around 253 
+ 30 + 5 = 288 nm. Hence, they can be easily distinguished by UV spectral analysis. 
(c) The compound Vis an aromatic ketone with a para —OH group. So, a characteristic 
absorption band at about (246 + 25) = 271 nm is expected to be observed. On the 
other hand, in the compound VI, the acyl group is not directly attached to the 
benzene ring. So, this compound is expected to exhibit spectrum similar phenol 
(Amax 210 nm). Thus, they can be easily differentiated by UV spectral analysis. 
(d) The compound VII contains three double bonds which are conjugated. Also, it 
contains two ring residues. So, the compound is expected to exhibit A,,,, near (217 
+ 30 + 10) = 257 nm. In compound VIII, on the other hand, out of three double 
bonds two are in conjugation (ring double bond is not conjugated with the other 
two). The diene system contains one alkyl substituent. Therefore, the compound 
is expected to exhibit /,,,, at about (217 + 5) = 222 nm. Thus, they can be easily 
distinguished by UV spectral studies. 
29. Enax Of a heteroannular diene is greater than a homoannular diene for 
z—>7* transition, although the order of 1,,,, is opposite. Explain. 
Solution The intensity of absorption increases with increase in transition moment (di- 
pole moment during electron transition). In the ground state, the more stable resonance 
structure is the important contributor to decide the ground state dipole moment. On the 
other hand, the excited state resembles the less stable resonance structure which may be 
considered as the important contributor to determine the excited state dipole moment. 
In a homoannular diene (with cisoid geometrical arrangement of conjugated diene), the 
charge separated resonance structure shows the separation of charge at a smaller dis- 
tance compared to that of a heteroannular diene (with transoid geometry of diene). Thus, 
the transition moment of the heteroannular diene is greater than that of homoannular 
diene and because of this, €,,,, of the former is greater than the latter for z—>7* transition, 


although the order of /,,,, 1S opposite. 


A homoannular diene A heteroannular diene 


30. Charge-transfer complexes are usually dark coloured. Explain with an 
example. 


Solution In charge transfer complexes, the HOMO of the donor molecule interacts with 
the matching LUMO of the acceptor molecule to form new molecular orbitals of the adduct. 
This results in a drop in AE for electron transition. As a consequence, the 1,,,, shifts to 
a longer wavelength (visible region). Also, due to enhanced dipolar character in the com- 
plex, the transition moment in increased and so, the intensity of absorption is increased. 
For this reason, charge-transfer complexes are usually dark coloured. For example, when 
tetracyanoethylene (colourless) is added to a colourless solution of aniline, it becomes deep 


blue due to formation of a charge-transfer complex as shown below: 
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Charge—transfer complex 
(deep blue) 


31. Distinguish cis-stilbene and trans-stilbene by UV-spectroscopy. 
[CU 2010] 


Solution See article no. 4.2.13 
32. How can you distinguish the following molecules by UV-spectroscopy? 
[CU 2010] 


Solution See the answer to the solved problem 19. 

33. The UV spectrum of mesityl oxide shows absorption bands at 230 nm (¢é 
12,600) and 329 nm (ce 41) in hexane. Assign them in terms of electronic 
transitions. How do the absorption bands change their positions in water 
as solvent? [CU 2011] 


Solution See the answer to the solved problem 16 and article no. 4.2.9. 
34. How o-nitroaniline can be distinguished from p-nitroaniline by UV- 
spectroscopy? 


Solution See the answer to the solved problem 10. 
35. Explain why a polar solvent usually shifts the 7-7* transition to longer 
wavelengths. [CU 2013] 
Solution See article no. 4.2.9. 
36. How would you distinguish 4-nitro-N,N-dimethylaniline and acidified 
4-nitro-N,N-dimethylaniline by UV-spectroscopy? [CU 2014] 
Solution See the answer to the solved problem 28(a). 
37. Define the following terms: 
(i) hypochromic effect (ii) hypsochromic effect [CU 2014] 


Solution See article no. 4.2.2. 


Po STUDY PROBLEMS PT 


1. (a) Discuss the theory of electronic spectroscopy. What is its absorption range? 
(b) Give the various types of transitions involved in electronic spectroscopy with 
one example in each case. 
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2. Define the following terms: 
(a) Chromophore (b) Auxochrome (c) Bathochromic shift 
(d) Hypsochromic shift (e) Hyperchromic effect (f) Hypochromic effect 
(g) Molar absorptivity 
3. Explain the following observations: 
(a) Polar solvents usually shift the z~>7z* transition to longer wavelength and 
n—7* transition to shorter wavelength. 
(b) Amax Of the benzenoid bond shift to longer wavelength as the number of 
linearly fused benzene ring increases. 
(c) p-Nitroaniline absorbs at a longer wavelength compared to its ortho- or meta- 
isomers. 
(d) The intensity of z—>z* transition is 10 to 100 times stronger than n—-z* 
transition. 
(e) The position of absorption of acetone (n—7z* transition) shifts in different 
solvents: 279 nm (hexane); 272 nm (ethanol) and 264.5 nm (water). 
4. Relate resonance effect, hyperconjugative effect, H-bonding effect, and steric effect 
to the position of absorption. 
5. Cholest-4-en-3-one gives an enol acetate which has /,,,, at 238 nm. Predict the 
structure of the enol ester. 


Hint: The two possible enol acetates that can be formed are as follows: 


Rosweeces 


6. Which of the following carbonyl compounds would you expect to absorb light of 
longest and shortest wavelengths? Give your reasoning. 


O O 
A B C 
7. Compare the expected /,,,, values of the following pairs and explain: 


and @ (b) Ch and CL 
N ~*o N ~OMe 
Me 


(c) PhCH,OCH, and PhOCH,CH, 


| Cholest-4-en-3-one 
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8. 


10. 


11. 


(d) p-O,.NC,H,CH,NHCH, and p-O,NC,H,NMe, 


(e) 


(g) 


(h) 


Me Et 
I and A ma 
CH,—C=CH, and CH,=CH—CH=CH, 


Cr ac 


Account for the following observations: 


(a) 
(b) 


(c) 


A bathochromic shift is observed when a solution of aniline (PhNH,) in dilute 
HCl is neutralised by dilute NaOH. 

A hypsochromic shift is observed when a solution of 2-hydroxypyridine is 
made alkaline. 

The value of 4,,,, of the compound I is almost same as that of the compound 
II. However, the absorbance of the former is nearly twice of the latter. 


Me Me 
Me Me 
Or MOO 
Me Me Me 
I II 


Amax Of the aqueous solution of p-aminophenol shifts to shorter wavelength 
when the solution is acidified with dilute hydrochloric acid. 
The colour of the aqueous suspension of p-nitrophenol changes from light 
yellow to intense yelled when NaOH solution is added to it. 
Amax Of 2-methylbiphenyl (237 nm, = 10,250) is shorter than biphenyl 


(250 nm, Epox = 19,000). 


Emax 


“A conjugated diene absorbs at a higher wavelength with higher value of extinction 
coefficient as compared to a diene in which the double bonds are isolated.” Comment 
on this statement giving the chemistry involved. 

The cis-isomer of cinnamic acid absorbs at 268 nm (¢,,,, = 10,700), while its trans- 


isomer absorbs at 272 nm (e 


= 15,900). Explain the hypsochromic shift in the 


max 


UV spectrum of the cis-isomer with respect to the trans-isomer. 
Explain the following observations: 


(a) 
(b) 
(c) 
(d) 
(e) 


(f) 


o — o* transition cannot be accessible by ordinary spectrophotometer. 
n — 7r* transition is a forbidden transition. 

Deepening of colours occurs with increasing conjugation. 

Ethylene shows two 4,,,,, values. 

Spectrophotograph of an electronic excitation is a curve instead of a series of 
discrete lines. 


The A,,ax Value increases on going from left to right in the following series: 


PhOH (210 nm), PhOMe (217 nm), PhO® (235 nm) 
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13. 


14. 


15. 


16. 


17. 


How could you distinguish between the compounds in each of the following pairs 
using UV spectroscopy? 


(a) ee and pw wo 
(b) ~~ and weak 


“=O 


O O O 
(c) eS and Ss (d) cr and er 
OH 


OMe 


oO eCO# co 


Indicate which of the following compounds would be suitable as solvents for 
recording normal UV spectra of substrates and briefly explain your choices: 
ethanol, perfluoropropane, 1-chlorobutane, diethyl ether, ethyl iodide, methylene 
bromide, methyl butyl sulfide, benzene, cyclohexane and acetonitrile. 

Account for the following observations: 

(a) Deprotonation of phenol results in a red shift. 

(b) The absorption band at 227.3 nm for Me.N disappears in acid solution. 

(c) 1,5-Hexadiene does not absorb light above 200 nm. 


(d) Mel (A,,, 258 nm) absorbs at a much longer wavelength compared to MeBr 
(Amax 204 nm). 
Match the following 1,,,, values with the corresponding compounds: (i) 232 nm, (11) 


237 nm, (iii) 273 nm, (iv) 283 nm, (v) 313 nm, (vi) 353 nm. 


® OOD » CY © age 


@ CT () 


For each of the following compounds, write down the structure of an isomer that is 
likely to have a substantially different UV spectrum: 


O OH Ne ne 
I Il Ill NO» CH 
IV Vv 


A ketone has (,,,, (in EtOH) at 224 nm. It was known to have one of the following 


isomeric structures. Identify it. 


4.58 Organic Chemistry: A Modern Approach 


18. How would you distinguish the three dienes obtained in the following reaction 
(acid-catalyzed dehydration of a 3° alcohol) by calculating 2 max values? 


ng 
(-H,0) i - 
OH 
I I III 


4.3 INFRARED SPECTROSCOPY 


Introduction 


The infrared (IR) spectroscopy has been most widely used to get information about the 
structure of an unknown organic compound. Organic chemists actually use infrared 
spectroscopy to identify the functional groups in a compound. There are a number of bands 
in a typical IR spectrum and only a few of them are to be studied for determining the 
presence or absence of many common functional groups. 


4.3.1 Basic Principle of IR Spectroscopy 


Infrared radiation (A = 2.5 — 15.4 um) is the energy source in IR spectroscopy. The 
infrared (from the Latin, infra, meaning ‘below’ red) region of the spectrum corresponds 
to frequencies from just below the visible frequencies to just above the highest microwave 
and radar frequencies. Infrared photons do not have enough energy to cause electronic 
transition. However, they can cause groups of atoms to vibrate with respect to the bonds 
that connect them. Like electronic transitions, these vibrational transitions correspond 
to distinct energies, and molecules actually absorb infrared radiation only at certain 
wavelengths and frequencies. Frequencies in IR spectroscopy are reported using a unit 
called the wave number (V). Wave number is simply the inverse of the wavelength 


G 7 i) and reported in reciprocal centimetres (em™!). Wave number (v) is proportional 


to frequency (Vv) which in turn is proportional to energy. Frequency (and therefore energy) 
increases with increase in wave number. Using the wave number scale, IR absorptions 
occur from 4000 cm™ to 650 cm”. 


To apply the equation v = 1/A in reciprocal centimetres units, we must include the 
conversion factor 104 um - cm‘. In the convenient units, then, this equation becomes 


4 | 
V(in em“) = oe sea a 
A (Gin um) 
4 =i 
ar AGn pm) = 10° m+ cm 


v(in em~4) 


SB tered teases oct ec reret Oonates abe eto caer nen asa encson dy um nee ster 
[The relationships among wave number (/), energy (E) and frequency (v) can be shown 
as follows: 


4.3.1.1 Molecular Vibrations 


Covalent bonds are not static. Various atoms in a molecule may be regarded as balls 
and the covalent bonds, connecting these atoms, as weightless springs holding such 
balls together. Because of the springlike nature, atoms in a molecule do not stay at 
fixed positions with respect to each other, but actually vibrate back and forth about an 
average value of the interatomic distance. Therefore, the covalent bonds obey Hook’s law 
for harmonic oscillators. It is to be noted that various vibrations, being quantized, have 
definite frequency of their own and when the radiation of the same frequency is passed 
through the molecule, there is an absorption of energy resulting in the increase of the 
amplitude of that particular vibration. Generally, such absorption of an infrared light 
quantum can occur only if the dipole moment of the molecule is different in 
the two vibrational levels. The variation of dipole moment with change in interatomic 
distance during vibration corresponds to an oscillating electric field that can interact with 
the oscillating electric field associated with the electromagnetic radiation and when the 
phase of one field matches with the phase of the other, absorption occurs; the absorption 
is maximum when the frequencies of these two oscillating electric fields become identical. 
So, the condition for maximum absorption of radiation is: 


Frequency of radiation, v = frequency of vibration, @ 


This frequency of radiation is known as the fundamental tone. The radiations having 
frequencies 2, 3a, etc. are known as overtones. The degree of absorption of such radiations 
is actually very low. 


4.3.1.2 IR-Active and IR-Inactive Vibrations 


In general, molecular vibrations which lead to a change in the dipole moment of the 
molecule will give rise to absorption band in the IR spectrum. Vibrations of bonds with 
dipole moments generally result in IR absorptions and are said to be IR active. If a 
bond is symmetrical and has zero dipole moment, the vibration produces no change in 
the dipole moment and so, there is no absorption of energy. This vibration is said to be IR 
inactive, and it produces no absorption in the IR spectrum. Therefore, the key to an IR- 
active vibration is that the vibration must change the dipole moment of the molecule. The 
triple bond of acetylene (H—C==C—H) has zero dipole moment, and the dipole moment 
remains zero if the bond is stretched or compressed. This vibration is, therefore, said to be 
IR inactive. Similarly, the symmetric stretching vibration of CO, is IR inactive because it 
produces no change in the dipole moment of the molecule. 
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4.3.1.3 Molecular Vibrations from Quantum Theory 


The energy of different quantised vibrational levels may be expressed by the following 
equation by applying quantum mechanics: 


where V is the number of vibrational levels and can have values 0, 1, 2, 3, etc. (the energy 
level where V = 0 is known as zero point energy level), h = Planck’s constant and w (omega) 
= vibrational frequency. Transitions from ground state (V = 0) to the first excited state 
(V = 1) absorbs light strongly and give rise to intense bands called the fundamental bands. 
The energy difference AE, between the lowest possible energy level and the next higher 
energy level is: 


AE Yin = Eyincy =1) — Evinwv =0) 


=(1+} )no-(0+3 rw 
2 2 


= > ho = Lhe =ho 

2 2 
Absorptions corresponding to higher energy excitations (e.g., V) > V.) are called overtones. 
Assuming that all the vibrational bands are equally spaced (in fact, these are not), the 


energy of the first overtone is given by: 


AE vin = Evin cv = 2) — Evin v= 0) 


= (2+ )ho-[0+ 3 \hro 
2 2 
=2ha 


, 1 — 
The amount of zero point energy Ei, (vy = 0) = 9 be. This indicates that even at the lowest 


vibrational energy level the atoms are not at rest. Instead they oscillate along the bond 
axis with frequency, @, with a particular amplitude. The bond length is regarded as to 
average distance during such oscillation. Figure 4.9 shows the diagram representing 
various energy levels corresponding to interatomic oscillation along a bond, say A—B, with 
variable amplitudes. The different probable positions of the atom A, at different energy 
levels are represented by dots on the energy axis. Pair of dots on each line represents the 
extreme probable positions of the atom B during contraction and extension of the bond 
A—B. It is to be noted that the positions of A and B as shown in the diagram are not their 
exact positions, but their most probable positions. 
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K 
Bond length 
r (interatomic distance) —> 


Figure 4.9 Energy diagram of interatomic oscillations 


If the amplitude of vibration is very high, the bond dissociates into two atoms. The 
difference of energy between the highest vibrational level and the zero point energy level 
is known as the bond dissociation energy of that bond. In the case of bonds containing 
different isotopes such as C—H and C—D, the highest vibrational energy level is constant; 
the bond containing the isotope has higher bond dissociation energy because its zero point 
energy is low. 


For a linear molecule of n atoms, the vibrational degrees of freedom can be calculated as 
follows: 


Total degrees of freedom = 3n 

Translational degrees of freedom = 3 

Rotational degrees of freedom = 2 

Vibrational degrees of freedom = (8n — 3 — 2) = (8n — 5) 


Hence, theoretically there will be (8n — 5) possible fundamental bands for the linear 
molecules. For example, in the linear molecule CO., the number of vibrational degrees of 
freedom is (8 x 3-5) = 4. Hence, for CO,, the theoretical number of fundamental bonds 
should be equal to four. 


For a non-linear molecule of n atoms, there are three degrees of rotation. Therefore, the 
vibrational degrees of freedom = (3n — 3 — 3) = (8n — 6). For example, in the non-linear 
molecule CgH,, the number of vibrational degrees of freedom is (3 x 12 — 6) = 30. So, 
theoretically there should be 30 fundamental bands in the IR spectrum of benzene. 


It has been observed that the theoretical number of fundamental vibrations are seldom 
obtained. It is because of the following reasons: 
(i) Fundamental vibrations that fall outside the region under investigation, 1.e., 
2.5-15.4 um. 
(ii) Fundamental vibrations that are too weak to be observed as bands. 


Fe gle pare ane tens enc umtiessaienteeceng isa aie roa ee iasnaeeanainas Organic shenisny. Med iennede 
Gii) Fundamental vibrations that are so close that they overlap, i.e., degenerate 
vibrations. 
(iv) Certain vibrational bands do not appear for want of the required change in the 
dipole moment in a molecule. 


There may appear some less intense (10-100 times less intense as compared to the 
fundamental bonds) additional bands called combination bands, difference bands and 
overtones. Thus, due to these, a large number of bands will be observed as compared to 
the theoretical number. 


4.3.1.4 Types of Vibration 


There are two types of molecular vibrations which are known as stretching and bending 
vibrations. Stretching vibrations are rhythmic back and forth movement of atoms along 
the covalent bond axis and in this process the distance between the atoms increases and 
decreases. Bending vibrations occur in the molecule having more than two atoms which 
are not directly connected by a covalent bond and may involve a change in bond angles 
between bonds with a common atom. Stretching vibrations require more energy than 
bending vibrations and hence, occur at lower wavelength or higher wave number than 
bending vibrations. 
Various types of vibrations may be shown pictorially as follows: 

(i) Two atoms joined by a covalent bond can undergo a stretching vibration where the 

atoms move back and forth as if joined by a spring. 


A——_B~—— A——_-B —— A-—B 
Expanded Mean Contracted 
position position position 


(ii) Molecules containing more than two atoms undergo stretching as well as bending 
vibrations. 


Stretching vibrations: 
(a) Symmetric stretching: 


B B B . 
“ * ~~ ‘a Ny . a S=— a’ A 


Expanded Mean position Mean position Contested 
position position 


(b) Asymmetric stretching 
B JZ B B B 
a — or =—> \ 
A 


Contraction— Mean position Expansion— 


expansion contraction 
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Bending vibrations (deformations) 
B B B B 
A A K AK A = 
Bond angle Mean position Bond angle 
decrease increase 
The stretching and bending vibrations for two atoms joined by a covalent bond around 
tetrahedral carbon (a methylene group, \CHp) are as follows: 


Stretching vibrations 
(a) Symmetric stretching 


AO LN _? A _ A 
H H H H 


Expanded Mean position Contracted 
position position 


(b) ey stretching 


%G %, 
“a, 


Y Z 
% % 


C C 
H H 
Expansion— Mean position Contracted— 
contraction expansion 


Bending vibrations 
(a) In-plane bending vibrations 
(i) Scissoring 


C C C C 
H 4H H 7 H H 
Bond angle Mean position Bond angle 
decrease increase 
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(ii) Rocking 


Y 


%, 
‘4, fp 


oe 


C 
Wy 


% 


% 
Gy, 


C C 


= SS ro _ Na 


Mean position 
(b) Out-of-plane bending vibrations 
Gi) Twisting 


% 


“, fp 


C 


ere 


Mean position 
Gi) Wagging 


Y % 
2 “ny, 


% % % 
G % % 


are 


Mean position 
[+ and — signs represent vibrations perpendicular to the plane of the paper.] 
4.3.2 IR Spectrum 


In an infrared spectrophotometer, IR radiation of successively increasing wavelength is 
passed through the sample of the compound and the percent transmittance is measured. 
An IR spectrum generally shows the change of transmittance with frequency expressed as 
wave numbers (cm~?). Each dip in a spectrum is called a band or peak and that represents 
absorption of IR radiation by the sample at that frequency. A 100% transmittance means 
no absorption and if all the radiation is absorbed, the transmittance is 0%. 


An IR spectrum may roughly be divided into two regions. Absorptions from 4000 to 
1430 cm‘! involve changes in the vibrational states of various bonds and are generally 
characteristic of the type of bonds (such as O—H, N—H, C=O, etc.) present in the molecule. 
There are relatively few peaks in this part and their position is only slightly changed by 
the rest of the molecule. This region of IR spectrum is called the group frequency region, 
and is very helpful for the identification of functional groups. Absorption bands between 
1430 to 910 cm™ are more numerous and are associated with a number of vibrational and 
rotational energy changes in the molecule and are less valuable for the identification of the 
functional groups. However, this region (called the finger print region because the pattern 
of absorptions in this region are unique to any particular compound, just as a person’s 
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finger prints are unique) is quite characteristic of the molecule as such and is extremely 
useful in determining the identity between two samples. Substances that give the same 
(superimpossable) infra red spectra are identical. This proof of identity is far more reliable 
than the comparison of any other physical property (e.g., mixed m.p. determination). The 
IR spectrum of 1-propanol, CH;CH,CH,OH, is shown in Figure 4.10. 


Wavelength (um) —> 
2.5 5 1 
100 
S 80 
q 
a 
& 60 
F 
a 40 
rs 
a CH 
< 20 O—H 2 
stretch stretch 


4,000 3,500 3,000 2,500 2,000 1,500 1,000 
<— Wave number (cm!) 
Finger print 


Functional group : 
region | 


| region | 


Figure 4.10 IR spectrum of 1-propanol (CH,CH,CH,OH) 


4.3.3 Factors that Determine IR Absorption Position 


The factors that govern the position of IR absorption are as follows: 

1. Strength of the bond 

2. Masses of the atoms involved in the bond 

3. The type of vibration 
The first two of these effects may nicely be explained by Hooke’s law, which originates 
from the treatment of the vibrating spring by classical physics. Let two atoms with 
masses M and m, respectively, are connected by a bond which can be treated as a spring. 
The stiffness of the spring (bond) is described by a force constant, K: the larger the force 
constant, the tighter the spring, or stronger the bond. 


The natural frequency of vibration of a bond is given by the equation 


— 1 [Kk 
v =— _, |— 
2nc\ u 


which is derived from Hooke’s law for vibrating spring. The reduced mass u of the system 
is given by 
me 


mM,+ Mo 
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From the above equation, it becomes clear that atoms connected by a stronger bond (large 
force constant) vibrate at higher frequency. In general, triple bonds are stronger than 
double bonds which in turn are stronger than single bonds between the same two atoms, 
and therefore, frequency of vibration gradually increases on going from single to triple 


bond. 
C—C C=C C=C 
we 1,200 cm! 1,650cem = 2,150 cm“! 


V increases with increase in force constant (K) » 


The second thing which should be noticeable is that bonds between atoms of higher masses 
(larger reduced mass, wu) vibrate at lower frequencies than bonds between lighter atoms. 
The C—H stretching occurs at about 3,000 cm”. As the atom bonded to carbon increases 
in mass, the reduced mass () increases, and the frequency of vibration decreases (i.e., 
wave numbers get smaller). 
C—H C—C C—O C—Cl C—Br C—I 
Vv: 3000cem™?* 1200cm? 1100cm? 750cm?! 600cm? 500cm? 


Vv decreases with increase in reduced mass () » 


Suppose the two atoms connected by a bond differ significantly in mass (for example, a C 
and an H atom in a C—H bond) and also suppose in the above equation that m, >> my. 
In such a case, the smaller mass m, can be ignored in the numerator of this equation and 
the larger mass m, then cancels and vanishes from the equation, leaving only the smaller 
mass My in the denominator. The equation then becomes 


_ 1 K 
V=— = — 
2mc \m, 

This equation says that the vibration frequency of a bond between a heavy and a lighter 
atom depends primarily on the mass of the lighter atom. For this reason, C—H, O—H, 
and N—H bonds all absorb in the same general region of the IR spectrum. In fact, the 
difference that actually exist between the vibrational frequencies of these bands are not 
due to mass effects, but due to bond-strength effects. 
The third factor that affects the absorption frequency is the type of vibration. This has 
already been discussed in article no. 4.3.1.4. 
Calculation of stretching frequency 


The stretching frequency of a C—H bond in wave number (cm™) may be calculated as 


follows: 
v= 1 |K(m,+mz,) 
2m mM, 


mass of a carbon atom (7m) = 20 x 10°" 


mass of a hydrogen atom (m,.) = 1.6 x 10° 2 


Organic Spectroscopy 4.67 


The force constant (K) of a C—H bond = 5.0 x 10° g sec 
The velocity of light (c) = 3.0 x 10° m sec? 


1 
1 5.0 x 10°g sec 7(20 x 104g +1.6 x10“ ¢ |? 
2 x 22/7 x 3x 10°m sec! 20 x 104g x 1.6 x 10g 


= 3100 cm 


v= 


Actual range for C—H stretching is 2850 — 3300 cm”. 
4.3.4 Factors that Determine IR Absorption Intensity 


When a bond stretches, the distance between the atoms increases and as a consequence, 
its dipole moment increases. The intensity of the absorption band depends on the size of 
this change in dipole moment. The greater the change in dipole moment, the more intense 
the absorption. Although the absorption bands for the stretching vibrations of C=O and 
C=C bonds appear at similar frequencies, they can be easily distinguished. The band for 
C=O is much more intense because it is associated with a much greater change in dipole 
moment since the bond is more polar. Since the O—H bond is more polar, its stretching 
vibration is associated with a greater change in dipole moment than that of an N—H 
bond. Consequently, an O—H bond shows more intense absorption than an N—H bond. 
Similarly, an N—H bond shows more intense absorption than a C—H bond. 


x Polarity of the bond decreases | 


O-H N-H C—H 


Intensity of the absorption 
band increases 


The intensity of an absorption band also depends on the number of bonds responsible 
for the absorption. The absorption band for C—H stretching for a compound such as 
octyl iodide (containing 17 C—H bonds) is, in fact, more intense than for methyl iodide 
(containing only 3 C—H bonds). 


The intensity of the absorption bands may also be affected by the concentration of the 
sample used to obtain an IR spectrum. Concentrated samples have greater number of 
absorbing molecules and therefore, they result information of more intense absorption 
bands. 


4.3.5 Functional Group Infrared Absorptions and Environmental Effects on Them 


The force constant, i.e., the strength of a particular type of bond is not actually constant. 
Electronic effects such as resonance, inductive, etc., H-bonding effect and steric effect of 
the atoms or groups within the molecule have profound influence on the strength of a 
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bond, i.e., on its force constant. Thus, in general, a particular group will not have a fixed 
maximum absorption but will have a region of absorption; the actual maximum absorption 
in this region depends on the rest of the molecule. Let us discuss some of the characteristic 
bands of a few functional groups and the decrease and increase in stretching frequencies 
due to structural changes. 


1. Hydrocarbons 


A.Alkanes Astrong absorption band 2850-3000 cm (centred about 2,925 cm!) represents 
the C—H stretching absorption. Three other bands due to C—H bending absorption appear 
at approximately 1,465 cm (CH, group), 1,375 cm (CH3) group and 720 cm (due to 
bending motion associated with four or more CH, groups in an open chain; called a long- 
chain band). C—C stretching absorption is not interpretatively useful. The IR spectrum of 
decane, for example, may be shown as follows (Figure 4.11): 
2.5 Microns ao 
100 
90 
80 
70 
60 F 
50 5 
40+ 


CH3(CH,)gCH3 
Decane CH; bend Long-chain 


(1,375 cm7) band 


(720 cm~!) 
CH, bend 
(1,465 em) 


% 
Transmittance 


C.,3—H stretch 
(2,900 em-!) 


Wave numbers (cm!) 400 


Figure 4.11 Infrared spectrum of decane (neat liquid, KBr plates 


B. Alkenes In alkenes, sp?C—H stretching absorption band appears in the region 3,000 
— 3,100 cm™. An out of plane bending absorption occurs in the range 650-1000 em. 
For trans-alkene the C—H bending absorption occurs at 970 cm™ and for cis-alkene at 
700 cm". This helps in distinguishing cis- and trans-alkenes. The C=C stretching vibration 
band appears in the region 1,600—1,680 cm’; conjugation moves C=C stretching band to 
lower frequencies and increases the intensity. In general, the higher the substitution on 
the double-bonded carbons, the higher is the frequency of absorption and lower is the 


°Sc=cH,) 


intensity. The vibrational stretching frequencies of exocyclic double bonds ( C 


depends on the size of the ring. This is shown as follows: 
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Vi aaes 1,780 cm! 1,678 em™ 1,657cm 1,651 cm 


External (exocyclic) double bonds gives an increase in absorption frequency with decreasing 
ring size. As the ring becomes smaller, the p-character of the ring forming inner orbitals of 
the sp-hybridized double-bonded ring carbon atom increases (recall the trend: sp = 180°C, 
sp” = 120°, sp? = 109.5°, sp”? = < 109.5°) for improving the overlap with other ring forming 
orbitals. As a result, the p-character of the orbital used to form the o-bond of the double 
bond decreases and consequently, the s-character of that orbital increases. Because of 
this, the stiffness of the C=C bond increases and so, the absorption frequency increases. 


Symmetrically substituted trans-alkenes, for example, 1,2-dichloroethene, fumaric acid, 
etc. do not show any band for C=C stretching even though the substituted groups are 
highly polar. This is because each of these molecules has a dipole moment of zero, and 
stretching the C=C bond does not impart a dipole moment to the molecule. 


H Cl ; H Cl (no IR absorption 
6-0. aoe ‘c—=c( for the C=C stretching 
Cl H Cl H vibration) 
trans-1,2-Dichloroethene ‘stretched’ trans- 
(u = 0) 1,2-dichloroethene (u = 0) 


_ no change in dipole moment | 


C. Alkynes For the =C—H stretching vibration a strong and prominent band appears at 
3300 cm™. For C=C stretching a weak band appears at 2150 cmt. 


The strength of the C—H bond decreases, with decrease in the s-character of the 
hybridization state of carbon, i.e., C,,—H > Co —H> Co3 —H and because of this, the 
absorption frequency decreases in the order: 


C.,—H (3,300 em) > C,,»—H (3,000-3,100 em“) > C,,;—H (2,800-3,000 cm +) 


2. Aromatic rings 


Aromatic C—H stretching band appears at 3,000-3,100 cm™!. Since the C—H stretching 
bands for alkenes appear in the same range, it may be difficult to use the C—H stretching 
bands to differentiate between alkenes and aromatic compounds. However, the C=C 
stretching bands for aromatic rings usually appear between 1,450 and 1,600 cm’ outside 
the usual range where the C=C appears for alkenes (1650 cm™). Also an aromatic 
compound must give out-of-plane C=C—H bending bands that appear in the range 690— 
900 cm“. This along with a weak set of bands between 1,650-—2,000 cm™ (overtones) help 
to assign substitution on the ring. 
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3. Alcohols and phenols 

The characteristic bands observed in the spectrum of alcohols and phenols result from 
O—H stretching and C—O stretching. The unbonded or ‘free’ hydroxyl group of alcohols 
and phenols absorb strongly at about 3,650 cm™ and this sharp bond is observed only in 
the vapour phase or in very dilute solution in nonpolar solvents. As the concentration of 
the solution increases, intermolecular H-bonding increases and the strength of the O—H 
bond decreases. As a result, additional band starts appearing at (lower frequencies) about 
3,350 cm”’, at the expense of the ‘free’ hydroxyl band. 


R R 
/ / 
oo H—O---H—O---H—O---H—O---- 
\ \ 
R R 
Intermolecular H-bonding 
| i ‘i = 
R-O—-H O—-R<*>R—-O H-O-R <> R-08H™ O—R 
+ 
7 I II Il 7 


Lengthening of O—H bond in hydrogen bonding 


For example, the IR spectrum of ethanol in vapour state (in which there is essentially 
no H-bond) displays a sharp bond at 3,640 cm which is ascribed to a free hydroxyl 
group. However, when the spectrum is run in solution (hydrogen bonded molecules), this 
sharp band is almost replaced by a broad band at 3,350 cm™. On further increasing the 
concentration of the solution, the band at 3,640 cm™ completely disappears. The band at 
3,350 cm7! is the characteristics of H-bonded hydroxyl groups and since the position and 
intensity of this band changes with concentration it is a case of intermolecular H-bonding. 
The infrared spectrum of ethanol in vapour state and in concentrated solution are shown 
in the figures below (Figures 4.12 and 4.13). 


Wavelength (4m) 15 
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100 100 
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| group ere = 3350 H-bonded 
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—OH group 
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Wave numbers (cm~) Wave numbers (cm) 
Figure 4.12 IR spectrum of ethanol (in vapour Figure 4.13 IR spectrum of ethanol (concentrated solution) 


state) 
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Here, it is important to note that compounds with intramolecular H-bonded groups do 
not lose their internal H-bonding on dilution with inert solvents like CCl,, CSo, ete. 
Therefore, a compound with internal H-bonding shows the same O—H stretching in the 
concentrated solution as in very dilute solution. For example, the position and intensity 
of the absorption band of O—H in cis-cyclopentane-1,2-diol (which appears at 3,450 cm™!) 
does not change with concentration and this is because the two cis-OH groups are involved 
in intramolecular H-bonding. 


cis-Cyclopentane-1,2-diol 


(Due to steric and dipolar repulsions of the two —OH groups, the intramolecular H-bonding 
is weak and causes a small shifts of O—H stretching from that of the free O—H.) 


In the enols of f-diketones or $-ketoesters, the intramolecular H-bonding is exceptionally 
strong due to resonance and because of this, absorptions due to O—H stretching occurs at 
2,500-3,100 cm™. Since these bonds are not easily broken on dilution by an inert solvent, 
free O—H stretching may not be seen at low concentrations. For example: 


r ye Intramolecular 
tb ej “G9 H-bond 
| <> | | 


Acetyl acetone 
(enol form) 


Intramolecular H-bonding that occurs in ortho-carbonyl-substituted phenols, usually 
shifts the broad O—H bond to a lower frequency. For example, the O—H band in the neat 
spectrum of methyl salicylate is centered at about 3,200 cm’, while O—H bands from 
normal phenols are centered at about 3350 cm 


ON 
iz Intramolecular 
cZ? H-bond 
| 
OMe 


Methyl salicylate 


The strong C—O stretching vibrations are observed in the range from 1,000 to 1,260 cm“. 
The C—O stretchings of phenols appear at relatively higher frequencies as because this 
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bond possesses some double bond character due to resonance. For example in phenol 
Vc_oar. iS 1,223 cm. Since the C—O absorptions are coupled with the adjacent C—C 
stretching vibrations, the position of the band may be used to assign a primary, secondary, 
or tertiary structure to an alcohol or to determine whether a phenolic compound is present. 
Table 4.6 gives the expected stretching frequencies for the C—O band in alcohols and 
phenols. The O—H stretching values are also given for comparison. 


Table 4.6 C—O and O—H stretching vibrations in alcohols and phenols 


Compound C—O str (em™) O—H str (em™) 
1° Alcohol (saturated) 1,050 3,640 
2° Alcohol (saturated) 1,100 3,630 
3° Alcohol (saturated) 1,150 3,620 
Phenols 1,220 3,610 


4. Ethers 


In alkyl ethers (R—O—R) a very strong band appears usually at about 1120 cm™ for 
asymmetric C—O—C stretching. the symmetric stretching is IR inactive. Aryl alkyl 
ethers (Ar—O—R) give rise to two strong bands: an asymmetric C—O—C stretching near 
1250 cm? and a symmetric stretching near 1040 cm”. Vinyl alkyl ethers 
(CH,==CH—O—R) also give two bands; one strong band due to asymmetric stretching 
vibration at about 1220 cm™! and a very weak band due to symmetric stretching at about 
850 cm”. The shift in the asymmetric stretching frequencies in aryl and vinyl ethers to 
values higher than were found in dialkyl ethers can be explained by resonance. The C—O 
bond in vinyl alkyl ethers or ary] alkyl is shifted to a higher frequency (1,200-1,275 cem™!) 
because of double-bond character which strengthens the bond. 


ae @ ® 
colon R<> &x,—cu-8-x| a 


= r 
Yo=-0 sir? ~1220 cm No resonance 


- Vo_ow: ~1120 cm 
ahs ® 
O—R <> O—R <> etc. 


V : i 
“Gi Ouee ~1250 cm 


The value of Vo_o,,,. of a six-membered cyclic ether is same as that of an acyclic ether. 
However, as the ring becomes smaller, the Vo_o.,;,, value moves to lower wave number 
and this is because the C—O bond strength decreases gradually with increase in angle 
strain. 


The presence or absence of O—H stretching at 3,200—3,500 cm! for H-bonded O—H can 
be used to distinguish between an ether and an isomeric alcohol. 
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5. Amines 


The most important and readily detectable infrared absorptions of primary and secondary 
amines are the result of N—H stretching vibrations that appear in the region 3,300— 
3,500 cm. Primary amines (R—NH,) show two bands in this region: one caused by 
symmetric stretching and other by asymmetric stretching. Secondary amines (R.NH) give 
only one absorption in this region. Tertiary amines (R,N) have no N—H and, therefore, are 
transparent in this region of infrared spectrum. Hence, it is easy to differentiate among 
primary, secondary and tertiary amines by inspection of the N—H stretching region. 


H H 
7 a 
RNA RNA 
Symmetric stretching Asymmetric stretching 
in 1° amine in 1° amine 
Vy_at er? ~8400 em Vy_a on ~8500 em 


The N—H stretching absorptions for aromatic amines are comparatively higher than those 
of aliphatic amines and this is because the N atom assumes sp” state of hybridization and 
the N—H bond in aromatic compounds are stronger than those in aliphatic compounds. 


As with alcohols, the nature of the spectrum of amines depends on the degree of H-bonding. 
In dilute solution in an inert solvent, the spectra of a primary amine shows two sharp 
bands at higher frequencies than the bands obtained in the neat (undiluted) liquid amine. 
However, the shift is somewhat less compared to alcohols because of the weaker H-bonding 
of amines compared to alcohols. 


N—H bending vibrations of 1° amines appear at 1,590—1,650 cm™ and 750-850 cm™! and 


that of 2° amines appears at about 1,500 cm™. 


The C—N stretching band for aliphatic amines appears in the region between 1,020— 
1,250 cm. Aromatic amines show strong C—N stretching absorption near 1,300 cm™!. 
The higher frequency is due to the increased force constant as a result of resonance with 
the benzene ring. 


The stretching frequency of N—H bond gives absorption in about the same region where 
O—H absorbs and thus one may confuse with that of O—H stretching frequency. However, 
since oxygen is more electronegative than nitrogen, the O—H stretching results in a 
greater change in bond moment than does N—H stretching. Because of this, one can see 
that the O—H stretching band is stronger than the N—H stretching band. 


6. Carbonyl compounds 

The carbonyl group (Sc=0), which is present in aldehydes ketones, acids, esters, amides, 
acid chlorides, and anhydrides absorbs strongly in the range from 1,650 to 1,850 cm” 
because of its large change in dipole moment. Since the C=O stretching frequency is 
sensitive to attached atoms, these common functional groups absorb at characteristic 
frequencies. Figure 4.12 provides the normal base values for the C=O stretching absorption 
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of various functional groups. The C=O stretching frequency of a ketone (approximately in 
the middle of the range) is usually considered the reference point for comparisons of these 
values. 


Wavenumber (cm™') 
1675 1710 1715 1725 1735 1760 1800 1810 
Amide Carboxylic acid Ketone Aldehyde Ester Anhydride (band 2) Acid Anhydride 
hlorid band 1 
ae es es ee ee ee ee 
| | | 
(R—C —NH,) O (R—C—R) (R—C—H) (R—C—OR) (R—C—O—C—R) (R-C—Cl) (R-C—O—C_R) 


Fig. 4.12 Normal base values for C==O stretching frequencies for carbonyl groups 


The range of values given in Figure 4.12 can be explained by electron-withdrawing effects 
(inductive effects), resonance effects, and H-bonding. The first two effects operate in 
opposite ways to influence the C=O stretching frequency. An electronegative element 
(e.g., Cl) may tend to draw in the electrons between C and O atoms through its —I effect, 
so that the C=O bond becomes somewhat stronger. This results in a higher-frequency 
absorption. Since oxygen is more electronegative than carbon, this effect dominates in an 
ester to increase the C=O frequency above that of a ketone. A resonance effect may be 
observed when the unshared pair of electrons on an N atom conjugate with the carbonyl 
group, resulting in increased single-bond character and a lowering of the C=O stretching 
frequency. This effect is observed in an amide. The absorption frequency of its C=O group 
is less than that of a ketone. 


R R R - 
"C= CHO: <> 9 C—O 
R-O RoN RoN e 
(I effect of oxy Be) Resonance effect lowers 
raises C—O stretching C=O stetching frequency 


frequency as it 
predominates over +R 
effect) 


A. Ketones 


Ketones show a very strong band for the carbonyl (C=O) group that appears in the range 
of 1,708-1,720 cm‘ for simple aliphatic ketones. Conjugation of the carbonyl group with 
an a, B-double bond or an aryl group shifts the normal C—O stretching band (~1,715 cm”) 
to a lower frequency (1675-1700 cm“). 


ATL AL ak 


Vo=o str? ~1717 em! = ~ 1690 em ~ 1700 cm! 
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The six-membered ring ketone, i.e., cyclohexanone shows the normal frequency for the 
open chain compounds. However, as the ring becomes smaller in size, the C=O stretching 

i 
frequency increases progressively. As the ring becomes smaller, the C—C—C angle 
reduces and as a consequence, the p character of the ring forming inner orbitals of the 
carbonyl carbon increases for improving the overlap with other ring-forming orbitals. As a 
result, the p character of the carbon orbital used to form the o bond with oxygen decreases, 
1.e., s character of that orbital increases. Because of this, the stiffness of the C=O bond 
increases and as a consequence, the stretching frequency increases. 


O 
Ao oad a Cy 
Voxosr: 1850cm? 1780cem7? 1745 cm! 1715 wnt "1705 em 


O 

| 
In acyclic ketones, as the branching at a-C’s increases, the C—C—C angle increases 
(due to steric crowding) and as a consequence, the p character of the C—C bond forming 
orbitals of the carbonyl carbon decreases and because of similar reasoning, the stiffness of 


the C=O bond decreases to give somewhat lower value of Vo~o sir. 


if 
C 
H,;C~ CH, 
Acetone 


Vesoen? 1715 em™ 
Steric 
Di-tert-butyl ketone _interaction 


Vo=o str: 1697 em“ 
The stretching frequency of the C=O group increases when more and more fluorine 
atoms are added to the carbons attached to the carbonyl carbon. Thus, compared with the 
normal value of carbonyl absorption at 1,717 cm” for acetone, it reaches its maximum 
in hexafluoroacetone (1,801 cm™!) and is due to the cumulative —I effect of the attached 
fluorine atoms. 


r rt rt 


C F C 
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Aromaticity may cause lowering of C=O stretching frequency. For example, tropone 
shows its C=O stretching frequency at 1638 cm !. Tropone may be considered as a hybrid 
of a series of dipolar structures which constitute the aromatic ‘tropylium ion’ system. 
Because of this, there is considerable weakening of the C=O double bond and lowering of 
C=O stretching frequency. 


@ 7 : : 
(<> (HEP PoC) O° <-> etc. = (+) : oO 


Tropone 


~ Tropylium ion 


G = 
Yo=0 ser: 1638 cm (aromatic) 


a, B-unsaturated ketones may exit in two conformations, 1.e., s-cis and s-trans and because 
of this, two carbonyl bands appear in the spectrum. A normal band around 1,720 cm™ 
and a lower frequency band around 1,685 cm™!. The lower frequency band is due to the 
s-trans conformer, where the electron-delocalization is more effective. Due to repulsive 
interaction, electron delocalization in s-cis conformer is less effective and so its C=O 
appears at higher frequency. For example, but-3-en-2-one exists as: 


H;C CH H3C H 
= ame aS conc 
O* ~H Oo” “Hg 
s-trans 8-CLS 
(Vo—o str? 1685 em™) (Vo—o sr? ~1720 em7}) 


A cyclopropyl ring behaves like a double bond and when attached to C=O, causes lowering 
of its stretching frequency. For example: 


Il 
C—CHs 


Methyl cyclopropyl ketone 
(Vo—o str? 1700 em™}) 


In ortho- and para-substituted aromatic ketones, inductive as well as resonance effect play 
a significant role in shifting C=O stretching frequency. In meta- substituted compounds, 
the frequency shift is due only to the inductive effect. The C=O stretching frequencies of 
some para-substituted ketones are as follows: 


OQ CH; OQ CH; O. CH; 
C C C 
CNH, COCH, oN “p 


p-Aminoacetophenone p-Methoxyacetophenone p-Nitroacetophenone 
Vo=o sr: 1677 cm ~ 1684 cm >1684 cm 
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In p-aminoacetophenone, the unshared pair of electrons on nitrogen is more available for 
conjugation (i.e., for resonance interaction with C=O) than the unshared electron pair on 
the more electronegative oxygen in p-methoxyacetophenone and because of this, the first 
compound exhibits a lower stretching frequency for C=O. Due to strong —R effect of the 
—NO, group, the C=O stretching frequency of p-nitroacetophenone increases and in fact 
the value is somewhat higher than that of p-methoxyacetophenone. 


Field effect (nonbonded electrostatic interaction) may also lead to shifting of stretching 
frequency to a higher value. In a-halocyclohexanones, the equatorial halogen atom is 


practically eclipsed with the carbonyl group and so, in this conformation, there operates 
6+ 6- 6+ 6- 
repulsive interaction between the almost parallel dipole of C—X and C=O bonds. As 


a result of this, the tendency of the C=O group to aquire a partial single bond character 
decreases. This in turn results in rising of C=O absorption by nearly 15 cm“. For example: 


& é- 
5 0 54,0 - 
Repulsive 
& interaction 
Br: 
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:Br: 


trans-2-Bromo-4-tert-butyl- __ cis-2-Bromo-4-tert-butyl- 
cyclohexanone cyclohexanone 
Ve-out 1720-em™ Vogue 1783 em 


Due to the same field effect an a-haloketone (RCOCH.X) shows two bands is its spectrum. 
The compound is normally free to adopt several conformations, two of which are shown 


below: 
Field 
0) | effect O 


X H 
H H H XxX 
R R 
cis-form gauche-form 
Vo—o str: 1740 em= Vc=o str: 1720 em 
(where X—Br) (where X—Br) 


Due to field effect, the C=O stretching bond of the cis form appears at a position 20 cm! 
higher than that of the gawche form where the field effect does not operate. 

The C=O stretching absorption band is shifted to lower frequency when the sample is 
examined in a hydroxylic solvent like methanol. For example, neat sample of ethyl methyl 
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ketone (CH;,COC,H;) absorbs at 1,715 cm™, whereas a 10% solution of the ketone in 
methanol absorbs at 1,706 cm™. Intermolecular hydrogen bonding between the carbonyl 
oxygen atom and the —OH group of the solvent decreases the stiffness of the C=O bond. 


HaCy é. § Se g CH H3C 
pS = HO So=0 
H;C> H;Cz 
Vo—o sir: 1706 em=! Von 1715 em 
(10% methanol solution) (pure sample) 


Intramolecular H-bonding is another factor which lowers the C=O stretching frequency 
by about 50 cm™. This lowering is, however, dependent on the strength of the hydrogen 
bond. o-Hydroxyacetophenone, for example, shows its C=O stretching at a much lower 
frequency as compared to acetophenone. 


H3C__ 0 H3C.__0..«™ Intramolecular 
C ° H H-bond 
Oo om 
Acetophenone o-Hydroxyacetophenone 
Vo=o sr: 1680 cem™ Vo—o str: 1634 em™ 


B-Diketones exhibit tautomerization and exist as equilibrium mixture of enol and keto 
tautomers. Since many f/-diketones contain large amounts of the enol forms, carbonyl 
peaks for both the enol and keto tautomers may be observed. For example: 


O O Intramoleculét . No 
| | H-bond | | 
oN wx = Pw ZN. 
Acetyl acetone: CH; CH¢ CHs CH5 CH” “CH, 
Keto-form Enol-form 


C=O doublet 
Vc=o str: 1723 cm™! (symmetric) Y¥o—0 str: 1622 em™! (hydrogen bonded) 
Yo—o str: 1706 cm™ (asymmetric)  Vo_y.<1r: 2400-32 cm™ (hydrogen bonded) 
The C=O group in the enol form appearing at about 1,622 cm” is substantially shifted 
and intensified in comparison to the normal ketone value, 1,715 cm™. The shift is a result 
of internal hydrogen bonding and resonance. 
B. Aldehydes 


The carbonyl groups of aldehydes absorb at slightly higher frequency than that of the 
corresponding methyl ketones. Aliphatic aldehydes (RCHO) absorb between 1,725 and 
1,740 cm and this carbonyl absorption responds to the structural changes in the same 
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manner as ketones. Aldehydes can be distinguished from ketones by means of aldehydic 
C—H stretching for which two moderately intense bands one near 2,850 cm and other 
near 2,750 cm appear. The appearance of these two bands is attributed to Fermi resonance 
between the fundamental aldehyde C—H stretching and the first overtone of the aldehydic 
C—H bending vibration. The band near 2,850 cm is frequently not observed in the case 
of saturated aliphatic aldehydes because of overlapping by the strong saturated C—H 
absorption in the same region. In the case of aromatic aldehydes two bands are observed 
frequently. p-Tolualdehyde, for example, shows two bands (doublet) for aldehydic C—H 
stretching at 2,827 and 2,736 cm“. 


1700 cm! 


Co 
H.C roe 2827 and 2736 cm7! 
c<O>Ce 


p-Tolualdehyde 


C. Carboxylic Acids 


A carboxylic acid exists in monomeric form only in very dilute solution, and its C=O 
stretching frequency is 1,760 cm! because of the electron-withdrawing effect of oxygen. 
However, acids in concentrated solution, in the form of neat liquid or in the solid state 
tend to dinerize via hydrogen bonding. This dimerization weakens the C=O bond and 
results in lowering the stretching frequency of saturated acids to the range of 1,700—1,730 
cm™! (same as that for the C=O group of aldehydes and ketones). 


RO, a: (dimeric form) 
Because of intermolecular H-bonding the C=O band is usually broad. The band is shifted 
to lower frequencies with conjugation to a C=C or phenyl group. The other infrared 
absorption characteristic of a carboxyl group is a very broad band for O—H stretching 
in the region 2,400-3,400 cm™. This band usually centres near 3,000 cm and partially 
obscures the C—H stretching bands. If a very broad O—H stretch band is seen only with 
a C=O band, it almost certainly indicates that the compound is a carboxylic acid. 
Intramolecular hydrogen bonding reduces the frequency of C=O stretching absorption to 
a greater degree than does intermolecular H-bonding. For example, salicylic acid absorbs 
at 1,665 cm™!, whereas p-hydroxybenzoic acid absorbs at 1,680 cm™. 


On sa OH 
= — — 4 ------ 
Oo 0=6-<O)-0-H-0=0-<O)-0-H 
OH p-Hydroxybenzoic acid 


Séliemienad (Intermolecular H-bonding) 


s ; -1 
(Intramolecular H-bonding) Vo=o str? 1680 cm 


Vo—o str? 1665 em 
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Three other bands arising from C—O stretching, O—H in-plane bending and O—H out-of- 
plane bending appear at 1,210—1,320, 1,395-1,440 and near 920 cm“, respectively in the 
spectrum of dimeric carboxylic acids. 


D. Amides 


Amides show a very strong band for the C=O group that appears in the range 1,640—1,700 
cm” (pure sample when hydrogen bonding is maximum). On dilution of the sample with 
a nonhydrogen bonding solvent, the extent of hydrogen bonding decreases and the C=O 
absorption is shifted to a higher frequency around 1,690 cm”. The carbonyl absorption 
of tertiary amides is, however independent of its physical state as there is no H-bonding 
occurs in this case. 


1 " 7 
C C C 
R~ ~NH, R~ ~NHR R° “NE; 
Primary amide Secondary amide Tertiary amide 


Cyclic amides (lactamss) give the expected increase in C=O stretching frequency for 
decreasing ring size. 
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Vo=o sir: 1,680 em = Voxo gy: 1,670 em Voxo gp: 1,700cem™ oxo gp: 1,745 em 


It has been already mentioned that the low absorption frequency of C=O relative to the 
keto carbonyl is due to effective resonance interaction. 


d % 


| 
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A pair of fairly strong N—H stretching band appears at about 3,180 and 3,350 cm” for a 
primary amide in the solid state. The 3,180 and 3,350 cm ‘bands result from the symmetric 
and asymmetric stretching vibrations, respectively. In the solid state, secondary amides 
and lactams show one band at about 3,300 cm™!. 

The band due to N—H bending of primary amides appears in the region 1,620—1,640 
cm”). This band for secondary amides appears in the region 1515-1570 cm™!. Primary 
and secondary amides also give a very broad band due to out-of-plane N—H bonding 
absorption in the region 600-750 cm™. 


Primary amides display medium intensity C—N stretching vibrations near 1400 cm”. 
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E. Esters 


The two most characteristic features in the spectrum of a normal ester are the strong 
C=O band, which appears in the range from 1,735 to 1,750 cm™, and C—O band, which 
appears in the range from 1,000 to 1,300 cm”. In an ester, the —I effect of the alkoxy 
(—OR) group predominates over its +R effect and so, the C=O stretching band appears in 
a region of higher frequency compared to that of a ketone. The C—O stretching vibrations 
are shifted by about 15-25 cm! to lower frequencies with o,$-unsaturation or aryl 
substitution (conjugation effects). 


The C=O stretching frequency in lactones (cyclic esters) increases gradually with 
decreasing ring size. 


O O 
Oe iw! 
CHS ~OC,H; O O 
Ethyl acetate 6-Valerolactone B-Propiolactone 
1770 cm! 1820 em! 


Vo=o ee! 1735 em 


Unsaturation ~tothe C=O group reduces the C=O stretching frequency, but unsaturation 
ato the single-bonded oxygen increases it. For example: 


‘0 OP 76) x0) 
Go CP Cb o 
<x 


Vo—o er: 1725 em! Vo=o str: 1760 em™ 


F. Anhydrides 


Anhydrides show two strong bands for the C=O groups. Simple noncyclic and saturated 
anhydrides generally give bands near 1,750 and 1,820 cm’. The two bands result from 
symmetric and asymmetric stretch. Anhydrides and acid chlorides are the two common 
functional groups that have a C=O band appearing at such a high frequency. Conjugation 
moves the absorption to a lower frequency and ring strain (cyclic anhydrides) moves the 
absorption to a higher frequency. For example: 


O 
O 


O 
Succinic anhydride 


Vc—o str? 1865 and 1782 cm 
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The higher frequency band is more intense in acyclic (for unstrained cyclic) anhydrides, 
while the lower frequency band is more intense in strained cyclic anhydrides. This feature 
can be used to distinguish between acyclic and cyclic anhydrides. 


All acid anhydrides display their C—O stretching as one or two strong bands in the region 
900-1,300 em. 


G. Acid halides 


The characteristic spectral feature of an acid halide is a very strong and high frequency 
band for the C=O group which appears in the range of 1,770-1,870 cm™!. The high 
frequency C=O absorption in acid halides may be due to the high electronegativity of 
halogen that makes it hard for the oxygen to draw electrons and consequently weakens 
the resonance (—I > +R). 


O O° O O O 

RC). = RoC é G G 
"OE Wolk ROP aa 6 R~ Br 
Much less effective resonance Vo—o str! ~1870 em"! = ~ 1800 cm! ~1800 cm! 


Some aromatic acid chlorides (ArCOCl) display another rather strong band on the lower 
frequency side of the C=O band. In benzoyl chloride (PhCOC]l), this band appears at 
about 1,730 cm™. It is probably a Fermi resonance band originating from an interaction 
of the C=O vibration, with an overtone of a strong band for aryl-C stretching appearing 
in the range from 800 to 900 cm“. In acid chlorides C—Cl absorption bands appear in the 
range from 550 to 730 cmt. 


7. Nitriles 


The C=N group in a nitrile gives a medium-intensity, sharp band in the region 2,110 to 
2,270 em. Aliphatic nitriles (RCN) absorb at about 2,250 cm~!, whereas their aromatic 
counterparts (ArCN) absorb at lower frequencies, near 2,230 cm™ because of conjugation 
of the triple bond with the ring. 


4.3.6 Infrared Correlation Table 


For analysing infrared spectra of an unknown compound, one must be familiar with the 
frequencies at which various functional groups absorb and for this, infrared correlation 
tables must be consulted. A simplified correlation table (Table 4.7) is given below. 
Absorption intensities are referred to as strong (s), medium (m), and weak (w). 


Type of Vibration Frequency (em“) Intensity 
C—H Alkenes (stretching) 2,850—3,000 s 
—CH, (bending) 1,375 m 
—CH,— (bending) 1,465 m 
Alkenes (stretching) 3,000-—8,100 m 
(out-of-plane bending) 650—1,000 s 


Aromatics (stretching) 3,050—3,150 s 
(out-of-plane bending) 690-900 s 
Alkynes (stretching) 3,300 s 
Aldehydes 2,800-2,900 w 
2,700—2,800 w 
C=C Alkenes 1,600—1,680 m—w 
Aromatics 1,475 and 1,600 m—w 
C= Alkynes 2,100-2,250 m—w 
C=O Aldehydes 1,725-1,740 s 
Ketones 1,705-1,720 Ss 
Carboxylic acid 1,700-1,730 s 
Esters 1,735-1,750 s 
Amides 1,640-1,700 s 
Anhydrides 1,750 and 1,820 s 
Acid chlorides 1,800 s 
C—O Alcohols, ethers, esters, carboxylic acids, 1,000-1,300 Ss 
anhydrides 
O—H Alcohols and phenols 
Free 3,600—3,650 m 
H-bonded 3,200—3,400 m 
Carboxylic acids 2,400-3,400 m 
N—H 1° and 2° amines and amides 
(stretching) 3,100—3,500 m 
(bending) 1,550-1,640 m—s 
C—N Amines 1,000-1,350 m—s 
C= Nitriles 2,240—-2,260 m 
N=O Nitro (RNO,) 1,350 and 1,550 s 
C—X Fluorides 1,000-1,400 s 
Chlorides 540-785 s 
Bromides and iodides <667 s 


To CM SOLVED PROBLEMS TO 


1. When does a molecule absorb infrared radiation? 


Solution Covalent bonds are not static. They are more like springs with weights on each 
end. When two atoms are bonded to each other, the bond stretches back and forth. Bonds 
can also bend when three or more atoms are joined together. These bond stretching and 
bending vibrations represents the different vibrational modes. Absorption of IR light may 
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cause changes in the vibrational energy levels of a molecule. However, absorption of in- 
frared light quantum can occur only if the dipole moment of the molecule is different in 
the two vibrational levels. The variation of dipole moment with the change in interatomic 
distance during vibration corresponds to an oscillating electric field that can interact with 
the oscillating electric field associated with the electromagnetic radiation and when the 
frequency of one field matches with that of the other, absorption occurs. These vibrations 
absorb infrared radiation at certain quantized frequency. The absorption is maximum 
when the frequencies of these two oscillating electric fields become identical. When a mol- 
ecule is exposed to infrared radiation of that frequency, energy is absorbed and the ampli- 
tude of that vibration is increased. 
2. Isit possible to distinguish a pair of enantiomers by IR spectroscopy? 


Solution It is not possible to distinguish a pair of enantiomers by IR spectroscopy. 
3. What do you mean by fundamental vibrations and overtones? 


Solution The fundamental absorptions correspond to the frequency of the first vibrational 
transition from the zeroth vibrational level to the first, vy) to v;. The term overtone is used 
to apply to any integral multiple of a given fundamental frequency. The transition from 
Vo > Vo OF Vo > V3 are the first and second overtones of the fundamental and require 
radiation of twice and three times of its frequency. If the fundamental frequency is V, the 
overtone bands appear at 2V, 3V, etc. 

4, What do you mean by combination band, difference band and Fermi 

resonance? 


Solution When two vibrational frequencies (Vv, and Vv.) in a molecule couple to give rise to 
a vibration of a new frequency within the molecule, and when such a vibration is IR active, 
it is called a combination band. This band is actually the sum of the two interacting band 
Weoiaih = Vy + V2) : 
The observed frequency that results from the difference between the two interacting bands 
is called a difference band (Vai = V,— Vo) . 
When a fundamental vibration couples with an overtone or combination band, the coupled 
vibration is called Fermi resonance. 
5. Calculate the vibrational degrees of freedom in the following molecules: 
(a) H,O (b) C,H, (c) C,H, (d) CHCl, 
Solution 
(a) H,O is a non-linear molecule. For such molecules, vibrational degrees of freedom 
= 38n — 6 (where n = total number of atoms in the molecule). Here, n = 3. 
.. Number of vibrational degrees of freedom (fundamental vibrational modes) 
=3x3-6=3 
(b) Acetylene (H—C=C—H) is a linear molecule. For such molecules, vibrational 
degrees of freedom = 3n — 5 (where n = total number of atoms in the molecule). 
Here, n = 4. 
Therefore, the number of vibrational degrees of freedom = 3 x 4-5 =7 
(c) Benzene (CgH,) is a nonlinear molecule. Here, n = 12. Therefore, the number of 
vibrational degrees of freedom = (3 x 12 — 6) = 30. 
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(d) Chloroform (CHCI,) is a non-linear molecule. Here, n = 5. Therefore, the number of 
vibrational degrees of freedom = (3 x 5 - 6) = 9. 
6. cis-1,2-Dichloroethylene is IR active with respect to Vc__c, whereas trans- 
1,2-dichloroethylene is not. Explain. 


Solution Due to stretching of C=C bond, change of dipole moment takes place in cis-1,2- 
dichloroethylene, but not in trans-1,2-dichloroethylene. It is for this reason, infrared ab- 
sorption occurs in the case of cis-isomer, but not in the case of trans-isomer and therefore, 
the cis-isomer is IR active with respect to Vo_-c, whereas the trans-isomer is not. 
7. Hydrogen bonding may change the position of IR absorption. Illustrate 
with an example. 


Solution Hydrogen bonding brings about a considerable downward shift in the wave num- 
ber of absorption. For example, alcohol in the vapour state (isolated molecule) shows O—H 
stretching at about 3,600 cm. However, in the liquid state (in associated form), a broad 
absorption bond appears at 3,200 cm”. 
8. How can you distinguish between the two types of hydrogen bonding 
(intramolecular and intermolecular) by IR spectroscopy? 


Solution It can be easily done by taking IR spectra of a given compound at two different 
concentrations. If there is a shift in the absorption position of a particular band, then the 
type of hydrogen bonding in the substance is intermolecular otherwise it is intramolecular. 
Intramolecule hydrogen bonding is independent upon the concentration of the solution. 
9. What happens to O—H stretching frequency when 20 ml of CCl, is added 
to 4 ml of pure ethanol? 


Solution Due to intermolecular hydrogen bonding, the O—H absorption bond in ethanol 
appears at 3,200 cm. When carbon tetrachloride is added to it, hydrogen bonding be- 
comes weak due to dilution and as a result, the absorption position is raised. 
10. In acetylene, C,,—H stretching appears at about 3300 cm. How can it be 
distinguished from an O—H stretching in alcohol? 


Solution In alcohol, the O—H str absorption band appears in the range 3,200-3,600 cm“. 
The band is broad and changes its position with change in concentration. On the other 
hand the C,,—H stretching absorption band is sharp and is concentration independent. 
Therefore, these two absorptions can be easily distinguished. 
11. How might the following pairs of isomers be distinguished from their IR 
absorption spectra? 
(a) PhCH,COCH, and PhCOCH,CH,;; (b) PhCOCH,CH, and PhCH,CH,CHO; 
(c) PhCOOCH, and CH,COOPh; (d) CH,COCH,COCH,CH, and 
CH,COCH,CH,COCH,; (e) p-H,NC,H,CH,COOH and p-H,NCH,C,H,COOH 
Solution 
(a) The phenyl group is adjacent to C=O in propiophenone (PhCOCH,CH3) but not in 
phenylacetone (PhCH,COCH,). Because of this, the C=O str band for the former 
ketone will appear at lower frequency than the latter. 


(d) 


(e) 


12. 
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The C=O stretching frequency of the aldehyde (3-phenylpropanal) is higher 
than that of the ketone (propiophenone). Also, the aldehyde C—H str band near 
2,800 cm™ will characterize the former. 

The C=O str band for methyl benzoate (PhCOOMe) appears at ~1,720 cm” (the 
C=O group of the ester is conjugated with the benzene ring) and the band for 
phenyl acetate (CH;COOPh) appears at ~1,770 cm (the —O-group of the ester is 
conjugated with benzene ring). 

Since 2,4-hexadione (CH,COCH,COCH.CH;) is a f-diketone, it will be highly 
enolic. Because of this, its IR spectrum will show broad O—H str bond and a 
C=O str bond appearing at very low frequency. The IR spectrum of 2,5-hexadione 
(CH,COCH,CH,COCHS) will be similar to that of a simple dialkyl ketone. 
Because of resonance interaction of the unshared pair of electrons on nitrogen with 
the ring z electrons, the aryl amino groups are much less basic than alkyl amino 
groups, and, in general, they do not undergo protonation to yield zwitterions. Thus, 
while 4-amiophenylacetic acid shows the separate characteristics of both —NH, 
and —COOH groups (N—H str band at 3300 cm; a broad O—H str band in the 
region 2,500-3,500 cm! and a C=O str band near 1,700 cm~?). The —NH, group 
in 4-(aminomethylbenzoic acid (H,NCH,C,H,COOH) is relatively more basic, and 
so, the compound exists as a zwitterion. Because of this, it shows the characteristic 
C=O str bands near 1,600 cm. 

Explain why methanol is a good solvent for UV but not for IR spectroscopy. 


Solution Methanol (CH,OH) does not absorb in UV region, i.e., it is transparent above 
200 mu. But it absorbs strongly in the infrared region (4,000 cm™ to 650 cm7?). It is for this 
reason methanol is a good solvent for UV but not for IR spectroscopy. 


13. How will you distinguish between the two compounds in each of the 
following pairs? 
O O CO,H 
A e CO,H 
(a) and wo (Ll and 
, e OH 
me eal 
(c) | and | 0 
Solution 
(a) In cyclic ketones C=O str frequency increases as the size of the ring decreases 
(ring strain increases). Thus, cyclopropanone shows absorption at higher wave 
number (nearly 1,850 cm™!), whereas cyclohexanone absorbs at nearly 1,715 cm 
(the same wave number at which saturated acyclic ketones absorb). 
(b) In o-hydroxybenzoic acid (salicylic acid), intramolecular hydrogen bonding occurs 


and so, the absorption band due to C=O str appears at nearly 1,665 cm™ and 
also, its position in the spectrum is concentration independent. However, in 
p-hydroxybenzoic acid, the molecules remain associated through intermolecular 
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hydrogen bonding and the C=O absorption band appear at about 1,680 cml. 
The position of absorption is raised when the solution is diluted by adding a non- 
aqueous solvent like carbon tetrachloride. 

(c) The C=O str absorption of the conjugated lactone occurs at a lower frequency of 
1,750 cm” (resonance interaction with the double bond causes decrease in force 
constant) compared to the saturated lactone (1,770 cm ?). 

14. Which of the following diatomic molecules are IR inactive (do not absorb 
in the IR region)? 

Cl,, H—Br, I—Cl, D,, O, 
Solution Cl,, D. and O, are homodiatomic molecules. Their stretching vibrations are not 
accompanied by any change in dipole moment, and for this reason, they do not absorb in 
the infrared region, i.e., they are IR inactive. 

15. How can the following two compounds be distinguished? 


O O 


I I 
CH;0—())-C-CH; ; 0,N-())-C-CH, 


I II 


Solution Due to +R-effect of the —OCHs3 group, the bond order (force constant) of C==O 
decreases and this results in lowering of absorption frequency. On the other hand, due to 
-R effect of the —NO, group, the bond order of C=O increases and this results in absorp- 

tion at a higher frequency (>1,700 cm”). 
16. The C—H str band in CHCl, appears at 3000 cm“. If the force constant 
of C—H is identical to that of C—D, calculate the C—D str frequency in 


CDCI,. 
Solution 
_1idxK 
v=— |— 
2nC \ u 
On yee ayes 
m+m, 124+1 138 
peas = it 
12+2 14 


Since the force constant K is the same, we can write: 


Vesa [Mon 7 [0.92 -0.73 
Vo Hco_p 1.71 


Therefore, the C—D str absorption band will appear at 3,000 x 0.73 = 2,190 cm“. 
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17. Explain why the C=O sir frequency of an aldehyde (RCHO) is slightly 
higher than that of the corresponding methyl ketone (RCOCHsS). 


Solution In the methyl ketone (RCOCHS), the —CH, group donates electron by its +I 
effect and hyperconjugation. As a result, the bond order of the carbonyl group somewhat 
decreases, and so, C=O str frequency decreases. That’s why the C=O str frequency of an 
aldehyde is slightly higher than that of the corresponding methyl ketone. 


R R 
Sc£0 <> oe <> etc. 
HCO, H,07% 
Hyperconjugation in methyl ketone 


18. Arrange the following bonds in decreasing order of vibrational frequency: 
C—Br, C—C, C—Cl, C—O, C—H, C—I 
Solution As the atom bonded to carbon increases in mass the factor ys (reduced mass) in 
the following equation increases and consequently, the frequency decreases. 
_ 1 |{K 
Vv =— |— 
2nC \ u 
Therefore, the decreasing order of vibrtional frequency is: C—H > C—C > C—O > C—Cl 
> C—Br > C—I. 
19. Explain the C=O sir frequency values of the following lactones. 


O O O 
C0 <0 <0 
I II III 
(1,735 em?) = (1,725 em7}) (1,760 cm) 


Solution In lactone III, conjugation of the carbon—carbon double bond with the oxygen 
p orbital diminishes the normal resonance interaction of that oxygen with the carbonyl 
group resulting in an increase in the double bond character of the carbonyl group. As 
a consequence, an increase in C=O str frequency occurs as compared to the saturated 
lactone I. On the other hand, in lactone IJ, the carbonyl group is involved in resonance 
interaction with the double bond. This results in a decrease in double-bond character of 
the carbonyl group. Consequently, a decrease in C=O str frequency occurs as compared 
to the saturated lactone I. 
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20. What characteristic of vibrational frequencies makes _ infrared 
spectroscopy useful in determining structures of organic compounds? 


Solution The various vibrational absorption frequencies are specific for a given functional 
group or alkyl group (i.e., —CHMe,) regardless of its bonding environment. For example, 
the C=O str frequency of cyclic ketones changes with ring size but is the same for differ- 
ent cyclic ketones with the same ring size. 
21. How many types of vibration are possible for H,O molecule? Explain with 
required figures. 


Solution The non-linear H,O molecule have three vibrational degrees of freedom and 
they may be depicted as follows: 


cC™~  ¥N 
He oaH Hs gaH H~ 4-H 
Symmetric Asymmetric Bending 
stretching stretching (scissoring) 
Vo_usir: 3,652 em Vo_u sir: 3,756 em Vo_H def: 1,596 cm! 


(Other bending modes such as rocking, wagging, and twisting are not considered because 
these do not change the shape of the molecule.) 
22. How many fundamental vibrational frequencies would you expect to 
observe in the infrared spectrum of carbon dioxide (CO,)? 


Solution CO, is a linear molecule. Therefore, four [(8n — 5) = 3 x 3 — 5 = 4] fundamental 
vibrational modes are expected for this molecule. These are as follows: 


<_—_ —_ <_— <— 


or or 


(a) O=C=0 (b) O=C=0 
Symmetric stretching Asymmetric stretching 
(IR inactive) CIR active) 
Vo=o str? 2,350 em 
(c) OXCKO (a) O=c=0) 
Out-of-plane binding In-plane bending 


[+ and — signs represent 
vibrations perpendicular to 
the plane of the paper] 


xp 
These two are equivalent and appear at 667 cm“! 


The symmetric stretching vibration (a) is IR inactive because it produces no change in 
dipole moment of the molecule. The asymmetric stretching vibration (b) is IR active. The 
bending vibrations (c) and (d) are equivalent and they have the same frequency and are 
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said to be doubly degenerate. Thus, two bands (at 2,350 cm and 667 cm") are expected 
to be present in the infrared spectrum of carbon dioxide. 
23. Show all the C—H vibrational modes of a —CH, group and give their 
Vo_n str 20d Vo_paer Values. 


Solution In a methyl group, the C—H vibrational modes are coupled and two distinct 
bands appear at 2,962 and 2,872 cm‘. The first of these results from asymmetric stretch- 
ing mode in which two C—H bonds of the —CH, group are extending while the third one 
is contracting. The second arises from symmetrical stretching in which all the three C—H 
bonds extend and contract in phase. 


yr Va 
—C HH =U =i 
\H \H 
Asymmetric stretching Symmetric stretching 
Vou str: 2,962 cm™ Vo_H er. 25872 em 


Two C—H bending vibrations occur within the methyl group. The first of these is the 
symmetrical bending vibration which appears at 1,375 cm”! and involves in-phase bending 
of the C—H bonds (1). The second one is the asymmetric bending vibration which appears 
at 1450 cm” and involves out-of-plane bending of the C—H bonds (II). 


(H (i 


I I 
Symmetric bending Asymmetric bending 
Vo_H def: 1,375 cm! Vo_H def: 1,450 em 


In I, the C—H bonds are moving like the closing petals of a flower and in II, one petal 
opens and two petals close. 
24. FromtheIR spectral studies how would you establish that cis-cyclohexane- 
1,3-diol exists mainly in the diaxial conformation? 


Solution cis-Cyclohexane-1,3-diol may exist in two conformations as shown below: 


HW H-bond 
ra OF 
a 7 | ens 
(diequatorial conformation) (diaxial conformation) 


When the solution of the compound in carbon tetrachloride is diluted gradually, no change 
in O—H str frequency is indicated. This observation, therefore, suggests that the compound 
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mainly exists in diaxial conformation in which the two —OH groups are involved in 
intramolecular H-bonding. 
25. How can the threo(active)-isomer of butane-2,3-diol be distinguished from 
its erythro(meso)-isomer by infrared spectroscopy? 


Solution Each of the threo and erythro isomers of butane-2,3-diol may exist in two confor- 
mations of which one is intramolecularly hydrogen bonded. 
CH; 


OH 
H3C H H O 
EX = ex “i 
H3C H H a 
: v ca Strong H-bonding 
I II 


threo-Butane-2,3-diol 
(one enantiomer) 


butane-gauche 


OH CH a= interaction 
H CH3 CH3 
= H 
H3C H H o~ 
OH Onn! 
III = H ~ Weaker H-bonding 


erythro-Butane-2,3-diol 
(meso) 


Because of butane-gauche interaction, the internal H-bonding in IV is weaker than in I. 
The more the H-bonding is strong, the more the O—H str frequency is lower and the more 
the difference of stretching of free O—H and H-bonded O—H is higher. So, in the case of 
the threo-isomer, the difference is expected to be higher than in the case of the erythro- 
isomer. In fact, AV for threo is 49 cm™ and for erythro is 42 cm™'. Therefore, by analyzing 
the O—H stretching absorption bands in the infrared spectrum of the dilute solutions of 
these two diastereoisomers, one can detect them. (However, the analysis requires high- 
resolution technology.) 

26. How would you distinguish salicylaldehyde from p-hydroxybenzaldehyde 

by analysing their infrared spectrum? 


Solution Since p-hydroxybenzaldehyde molecules remain associated through intermo- 
lecular H-bonding, its O—H stretching frequency (a broad band at 3550 cm?) will shift 
nearly 100 cm higher wave number (a sharp band at 3650 cm”) on dilution in CCl, and 
this is because on dilution the O—H bond becomes free from H-bonding effect. However, 
in salicylaldehyde intramolecular H-bonding (chelation) occurs and because of this, the 
position and the nature of O—H stretching absorption band will remain same in the spec- 
trum of both the pure sample and its dilute solution in CCl,. Hence, by these observations 
salicylaldehyde may easily be distinguished from p-hydroxybenzaldehyde. 
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On H-bond H H H 
a o<( yy-CL o-<( eg O reg 
Ow se Waa SO <> No 
| 


H 
Salicylaldehyde p-Hydroxybenzaldehyde 
(no change of O—H str (on dilution O—H str frequency changes) 


frequency on dilution) 


27. Esters of o-chlorobenzoic acid show two C=O str frequencies. Explain. 


Solution An ester of o-chlorobenzoic acid may exist in the following two rotamers 
(I and II): 


Due to the field effect caused by the ortho Cl atom, the C—O str frequency in I shifts 
to a higher value. No such effect operates in the rotamer II. For this reason, esters of 
o-chlorobenzoic acid show two C=O stretching frequencies. 
28. In the following three substituted phenols, the O—H str bands appear at 
3,608 cm” in I, at 3,605 and 3,643 cm” in II and 3,643 cm” in III. Explain 
these observations. 


OH OH OH 
I II III 
(Vo_# sir: 3,608 cm7!) (Vo_x str: 3,605 and (Vo_# str: 8,648 cm7!) 


3,643 cm!) 


Solution In p-tert-butylphenol (I), only a single O—H str band appears at 3608 cm be- 
cause the molecules remain associated through intermolecular hydrogen bond. In the 
o-isomer (II), two bands are seen at 3,605 and 3,643 cm‘!; this is because in some mol- 
ecules there is association, whereas in others the O—H group is not H-bonded due to 
steric crowding caused by the t-butyl group. In 2,6-di-tert-butyl phenol (IID, only a single 
O—H str band appears at 3,643 cm™*. This is because two molecules cannot approach close 
enough to form intermolecular hydrogen bond. 
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29. 2-Hydroxy-3-nitroacetophenone shows two C=O stretching frequencies 
at 1692 and 1658 cm“ respectively. Explain. 


Solution Due to formation of two types of intramolecular hydrogen bonding, 2-hydroxy-3- 
nitroacetophenone exists as equilibrium mixture of two forms (I and IT) as shown below: 


The form I with free carbonyl group shows the normal conjugated C=O stretching 
frequency. However in the form II, the C=O stretching frequency is shifted to a lower 
value due to intramolecular H-bonding with the —OH group. For this reason, 2-hydroxy- 
3-nitroacetophenone shows two C=O stretching frequencies at 1,692 and 1,658 cm, 
respectively, for I and II. 


30. Predict the frequency shift of carbonyl absorption in the following 


aldehydes: 
i 
O O Cy, 
Ya a SO 
I II TI 


Solution Cyclohexane carbaldehyde I, being saturated will absorb at about 1,730 cm”. 
In benzaldehyde II, the absorption will be shifted to lower frequency (1,700 cm™!) due to 
conjugation. In salicylaldehyde III, intramolecular hydrogen bonding (chelation) causes a 
further large frequency shift to around 1,666 cm™. 

31. cis-Cinnamic acid absorbs at a higher frequency than its trans-isomer. 


Explain. 
Solution 
Steric Pag A Ph No-H 
interaction [~~ os uM I; 
HO.C*  ~# H~ ™“cO,H 
cis-Cinnamic acid trans-Cinnamic acid 
Vo=0 str : 1,705 cm™ 1,680 cm=! 


In the cis-isomer, the two bulky substituents (—Ph and —COOH groups) are placed on the 
same side of the C==C bond. Due to steric interaction, the C==O moiety of the —COOH 
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group goes out of the plane of double bond. As a result, conjugation is reduced and C=O 
stretching frequency shifts to a higher value. On the other hand, the conjugative effect is 
more pronounced in the trans-isomer in which the two bulky groups are on the opposite 
sides of the double bond. As a consequence, the double-bond character of the carboxyl 
C==O group in the trans-acid is reduced and so, it absorbs at relatively lower frequency 
(1,680 cm“). 

32. How would you distinguish cis-4-tert-butyleyclohexanol from its trans- 

isomer by infrared spectroscopy? 


Solution Axial and equatorial substituents on a cyclohexane ring show different ring-to- 
substituent stretching frequencies. An equatorial substituent usually absorbs at a higher 
frequency than does the same substituent in the axial position and this is due to 1,3-di- 
axial interaction (steric interaction). Due to presence of the very bulky tert-butyl group (in 
the equatorial position), the ring is rigid and cannot flip. Therefore, the diastereoisomer 
which shows a C—O str band at ~1,060 cm‘? is the trans-4-tert-butylcyclohexanol (—OH is 
in equatorial position) and the diastereoisomer which shows a C—O str bond at ~950 cm™ 
is the cis-isomer (—OH is in axial position). 


OD) 


way © [kz 


trans-4-tert-Butyl cis-4-tert-Butyl 
-cyclohexanol -cyclohexanol 
Vc_o (e)* —1,060 cm! Vo_o (a)* ~950 em! 


33. Acid-catalyzed dehydration of 1,2-dimethylcyclohexanol (cis or trans) can 
give three alkenes. Write their structures and explain how IR spectral 
studies can differentiate among them. 

Solution 


I I Il 


The three products can easily be differentiated by C—H out-of-plane bending absorptions 
in the region 800—1,000 cm“. The alkene I with a terminal methylene group will absorb 
at 885-895 cm™!. The alkene II, being a symmetrical tetrasubstituted alkene, will show no 
absorption in this’ region and the alkene III, being a trisubstituted alkene, will absorb at 
790-840 em”. 
34. Compare the C=O stretching frequencies of acetone’ and 
hexamethylacetone and explain. [CU 2010] 
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Solution See article no. 4.3.5. 
35. How can you distinguish the following molecules by IR-spectroscopy? 


[CU 2010] 
O 
OH 
[+o ana Lf b d 
(a) ® Olan ™ 


OH 
Solution See article no. 4.3.5 and solved problem no. 2.6. 
36. How IR spectroscopy can be used to study the progress of the following 
transformations? [CU 2014] 


II ie 
(a) Ph—C—CH,CH,CO,Et —“!> Ph—CH—CH,CH,CO,Et 


CHO 


(b) PhCH=NR —#!> PhCH,NHR 
Solution 

(a) In PhCOCH,CH,CO,Et, the band due to C=O str appears in the range 1,680-— 
1,700 cm™! (because of conjugation with Ph). Reduction of this ketone produces a 
secondary alcohol which absorbs at 3,300 cm~' due to O—H str. With progress of the 
reaction the C=O s#r bond gradually disappears and the O—H str band gradually 
appears. When the reaction is completed, the band due to C=O str completely 
disappears and only the O—H str band appears in the spectrum. 

(b) With progress of the reaction the band due to C=N str in the region 1,640— 
1,690 cm” gradually disappears and the band due to N—H str in the range 3,300- 
3,500 cm’ gradually appears. On completion of the reaction, the first band vanishes 
and the second band becomes prominent (but the band is very weak). Also, a band 
due to C—N stretching absorption appears in the region 1,000 to 1,350 cm”. 

37. Discuss the effect of dilution by carbon tetrachloride on IR absorption 
position of O—H stretching of ethanol. [CU 2016] 


Solution When the spectrum of a concentrated solution of ethanol is taken, a broad band 
at lower frequency (~3,330 cm™!) appears due to O—H str (hydrogen bonded). However, 
when the solution is much diluted with carbon tetrachloride, intermolecular H-bonding 
becomes very weak and a sharp band appears in the region 3,500—3,700 cm. 
38. How would you distinguish between the members of the following pairs 
by IR spectroscopy? [CU 2017] 
(a) Vinyl acetate and methyl acrylate 


O 


O 
(b) [| _>=0 and [+e 
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Solution 
(a) Conjugation involving the single-bonded oxygen shifts the C=O vibrations to 


higher frequencies and this is because the resonance interaction of oxygen with 
C=O is reduced as it involved in another resonance. 


1 if 
cHy-o~6.cHitu, <> cH,-o~8= =cH-CH,| 


Vinyl acetate 


In the spectrum of vinyl acetate, the C=O band appears at 1,762 cm™, which 
is 25 cm” higher than the normal ester. On the other hand, the C=O band in 
methylacrylate appears at 1,725 cm (10 cm™ lower than the normal ester) due to 
resonance interaction of the double bond with C=O. 

; :02 


0» | 
cnyLCHLE “OCH, <3. CH, CR=C—0cH, 


Methyl acrylate 


(b) See article no. 4.3.5. 

39. How would you distinguish between the members of each of the following 
pairs by IR spectroscopy? [CU 2018] 
(a) Vinyl acetate and methyl acrylate 
(b) Ethanol and ethylene glycol 

Solution 
(a) See the answer to Problem no. 38. 
(b) Because of intramolecular H-bonding, the O—H str frequency of ethylene glycol 


(HOCH,CH,OH) does not change with change in concentration. However, the 
O—H str frequency of ethanol (CH,CH,OH) changes with change in concentration 
and this is because dilution makes intermolecular H-bonding weak and causes 
shifting of O—H str band to higher frequency. 


_H __ Intramolecular 
OW Me H-bonding 


} Et Et Et 
H Ov Z Z / 
Hi ---H—O---H—O---H—O 
H u = Intermolecular 
H-bnding 
Ethylene glycol penance 


Vo_H str: ~3,200 em Vo_u str: 3,300-3,400 cm! 
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40. Why the C=C str of acetylene is IR inactive? [CU 2017] 


Solution See article no. 4.3.1.2. 
41. Howcan you differentiate the following pair by applying IR spectroscopy? 
Methyl bezoate; Phenyl acetate 


Solution See solved problem no. 11. 
42. How will you. distinguish  cis-1,2-cyclohexanediol and_ cis-1,3- 
cyclohexanediol by IR spectroscopy? [CU 2015] 


Solution Intramolecular H-bonding occurs in cis-1,2-cyclohexanediol. On the other hand, 
the molecules of cis-1,3-cyclohexanediol remain associated through intermolecular H- 
bonding. Dilution with non-associative and inert solvent like CCl, causes shifting of O—H 
str frequency to a higher value in cis-1,3-cyclohexanediol, whereas the O—H str frequency 
of cis-1,2-cyclohexanediol is concentration independent. 


OW 
La ea f 
ad | 
Ons HO OE eg pets O OH 
cis-1,2-Cyclohexanediol cis-1,3-Cyclohexanediol 
(intramolecular H-bonding) (intermolecular H-bonding) 
Vo_ueir: ~3,597 em Vo_H str: ~3,618 cm 


43. Comment on the infrared spectral behaviour of acetylacetone 
(CH,COCH,COCHS). 


Solution Acetylacetone (a $-diketone) exhibit tautomerization and exists as an equilib- 
rium mixture of keto and enol tautomers of which the enol form predominates (64%). 


un gels, @ /H.. . 
0 0 0 0 67 G9 
it “ a I <-> a | 
CH; ~~CH;~ ~~CH3; ~  |CHs~ scu-C~cH, H3;C— ~cH=°~cH; 
Keto form Enol form 
Vc—o str: 1,723 em! (symmetric str) Ve=0 si (Ebondeay? 1,622 em? 


1,706 cm! (asymmetric str) 


v : :2,700-3,200 cm“! 
(appears as a doublet) eer ne eee , - 


In the enol form, the C=O str bond is shifted to lower frequency (1,622 cm™!) due to 
intramolecular H-bonding and conjugation. A weak and broad O—H str absorption band 
also appears in the region 2,700—3,200 cm™!. 

Since the keto form is also present, a doublet of the symmetric and asymmetric stretching 
frequencies is found to be present for the two C=O groups. Relative intensities of the enol 
and keto carbonyl absorptions depends on the relative amount of the tautomers present 
at equilibrium. 
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Po CM STUDY PROBLEMS TO 


1. 


The C—H stretching band in an alkane appears at ~2,900 cm™ in the IR spectrum. 
What wavelength does this correspond to? Calculate the energy change involved. 
[Hint: A = 1/v = 1/2,900 cm“ = 3.45 x 10+ cm = 3.45 um.] 
Some of the fundamental vibrations are IR active while the others are not. Explain. 
Unlike propane and propyne, ethylene and ethyne have no carbon to carbon 
multiple bond stretching bands. Explain. 
The C—H str band of an alkene appears at 2,900 cm™!. Predict the value of the 
corresponding C—D frequencies where H is replaced by D. 
[Hint: Vo_p=0.73 Vo_y | 
How will you distinguish between maleic acid and fumaric acid by using IR 
spectroscopy? 
How would you distinguish between the compounds in each pair by infrared 
spectral studies? 
(a) Methyl benzoate and phenylacetate 
(b) 6valerolactone and 6-valerolactum 
(c) Ethylbenzene and o-xylene 
(d) Acetaldehyde and acetone 
(e) Salicyclic acid and p-hydroxybenzoic acid 
Which of the following compounds has the highest C=O stretching frequency? 
Give your reasoning. 
Me ~ Me ~ MeO FL FO 
H,N C=O Cl _C=O Cl _C=O Me C=O Cl C=O 
I II Il IV Vv 


How would you distinguish between the following two compounds by IR spectral 
analysis? 


O 
OO Oo 
I II 

The carbonyl absorption of the carboxylate ion differ considerably from that of the 
parent acid. Explain. 

[Hint: Due to resonance, the two carbon-oxygen bonds are of equivalent strength, 
intermediate between C=O and C—O. 

Two bands, one due to asymmetric stretching (near 1,600 cm™) and the other due 


to symmetric stretching (near 1,400 cm”) are expected to be found in the case of 
carboxylate ion.] 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 
19. 


How would you distinguish between the compounds in each pair on the basis of IR 
spectroscopy? 


O O 
Cl 


O O 


(b) cr” and Cig (c) Ss and cf 
OH 
(d) Ole non and 
3 


COCH, 


O 
II 


O 
lI 
O—C—CH, C—OCH; 
O,N O,N 


(f) CH,COOCH=CH, and CH,—=CH—COOCH, 

How will you classify primary, secondary and tertiary alcohols using infrared 
spectral studies? 

Arrange the following compounds in order of increasing C=O stretching frequency 
and give your reasoning. 


CH,CONH,; CH,;CHO; CH,COCH,; CH,;COOC,H;; CH,COCI 


How can you distinguish among pentane, 1-pentene and 1-pentyne on the basis of 
infrared spectroscopy. 

Dehydrochlorination (E2) of 2,3-dimethyl-2-chlorobutane produces two alkenes. 
How would you differentiate them by IR spectral analysis? 

[Hint: One of the products is IR inactive. The other display C=C str absorption at 
1640 cm and C—H out-of-plane bending absorption at 890 cm™!.] 

The IR spectrum of benzalacetone (PhCH=CHCOCH,) in CS, at room temperature 
shows two separate bands for C=O stretching vibration. Explain this observation. 
Which of the following vibrational modes will show no absorption band? 

(a) symmetric N==C—C==N stretch (b) asymmetric CO, stretch 

(c) symmetric O—C=S stretch, and (d) symmetric CO, stretch 

IR absorption due to carbonyl stretching occurs at higher frequencies than 
stretching of the carbon-carbon double bond. Explain. 

How can you differentiate 1°, 2°, and 3° amines by IR spectroscopy? 

How can you differentiate between the following two isomeric compounds by 
infrared spectral studies? 


HO 


20. 


21. 


22. 


23. 


24, 
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OH 
OH 
HO HO 
cls trans 
[Hint 
OH H-bond H 
H *O- HO H an OH 

= \ y ; ae a =F OH 

cls trans 


The trans-isomer will give a sharp band near 3,600 cm! but the cis-isomer will give 

a broad band for O—H str at around 3,300 cm” (due to intramolecular H-bonding) 

along with another band around 3,600 cm (for free O—H).] 

Acetophenone reacts with hydroxyl amine to yield two isomeric oximes. Both of 

them are separately subjected to Beckmann rearrangement. Identify the products 

on the basis of infrared spectral studies. 

How can you differentiate between the following two isomeric diketones on the 

basis of infrared spectroscopy? 

Me,CHCOCH,COMe; MeCOCMe,COMe 

The hydrolysis of an ester RCOOR’ in dilute aqueous KOH produces the alcohol 

(R’OH) and the potassium salt of the carboxylic acid (RCOOK). How can the 

progress of hydrolysis be followed by infrared spectroscopy? 

[Hint: The disappearance of the ester C=O str band near 1,720 cm™ is to be 

followed. The reaction product shows the carboxylate absorptions near 1,600 cm 

and 1,350 cm!.] 

How can IR spectroscopy be used to distinguish the members of the following pairs? 

(a) 1-Hexyne and 3-hexyne 

(b) cis-8-Hexene and trans-3-hexene 

(c) Natural rubber (cis-polyisoprene) and butyl rubber (polyisobutene) 
[Hint: (a) Both the C=C str and C,,—H sir bands are expected to be found 
in the spectrum of 1-hexyne but not in the spectrum of 3-hexyne. (b) The 
out-of-plane C—H def bands for cis and trans alkenes are expected to appear 
respectively near 970 and 700 cm™!. (c) Natural rubber contains an alkene 
group but butyl rubber does not. Therefore, the former can be identified by 
the pressure of a weak/medium band for C=C stretching.] 

Arrange the following compounds in order of increasing C=O stretching frequency 

and give your reasoning. 
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O O O O 
“Oy ~ Olen. ~ Olen. & 101 
NO, OMe O 
I II III IV V 


25. How infrared spectral analysis could help in distinguishing the following pairs? 
(a) p—H,NCH,C,H,CO,H and p—H,NC,H,CH,CO,H 
(b) CH,CH,CH,CONH, and CH,CH,CONHCH, 

26. Explain the exceptionally low C=O str frequency in 2,4,6-cycloheptatrienone. 


4.4 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 


Introduction 


Nuclear magnetic resonance (NMR) is a spectroscopic method which is, in fact, more 
important to organic chemists than IR spectroscopy. Felix Bloch and Edward Purcell, both 
of the United States, detected first in 1946 the phenomenon of nuclear magnetic resonance 
and in 1952 they shared the Nobel Prize for physics. Nuclear magnetic resonance (NMR) 
is concerned with the magnetic properties of certain atomic nuclear, notably the nucleus 
of the hydrogen atom (the proton) and that of the carbon-13 isotope of carbon. Whereas 
IR spectroscopy reveals the types of functional groups present in a molecule, NMR gives 
information about the number of magnetically distinct atoms of the type being studied. 
When hydrogen nuclei (protons) are studied, for instance, we can determine the number of 
each of the distinct types of hydrogen nuclei and at the same time we obtain information 
regarding the nature of the environment of each type in the molecule. The ‘H nucleus 
is by far the most commonly studied by NMR spectroscopy because of its high natural 
abundance (99.98%) and presence in the majority of organic compounds. In this section, we 
actually concentrate on absorption of radio frequency radiation by nuclei and the resulting 
transition between energy levels. 


4.4.1 Nuclear Spin States 
Any atomic nucleus that has an odd mass number, an odd atomic number, or both has 
a property called spin, i.e., it has a quantized spin angular momentum and a resulting 


nuclear magnetic moment. The allowed nuclear spin states are determined by the spin 
quantum number J, of the nucleus. A nucleus with spin quantum number J has 2] + 1 


spin states. A proton (1H) has the spin quantum number I = 1 and has two allowed spin 


2 
states [2 x (5) +1= 2] for its nucleus: 3 and + $ Spin quantum numbers and allowed 


nuclear spin states of the nuclei of some elements common to organic compounds are 
shown in Table 4.8. To exhibit NMR phenomenon nuclei must have their spin quantum 
number I greater than zero. 
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Table 4.8 Spin quantum numbers and allowed nuclear spin states of some common nuclei 


Element Atomic WET Nuclear spin Number of NMR 
number number quantum spin states activity 
number (J) (27 + 1) 
rel Odd Odd 1/2 2 Active 
aH Odd Even 1 3 Active 
vie Even Even 0 0 Inactive 
Pe Even Odd 1/2 2 Active 
IN Odd Even 1 3 Active 
EN Odd Odd 1/2 2 Active 
8) Even Even 0 0 Inactive 
NO Even Odd 5/2 6 Active 
7B Odd Even 3 7 Active 
=p Odd Odd 3/2 4 Active 
cE Odd Odd 1/2 2 Active 
“oP Odd Odd 1/2 2 Active 
aS Even Even 0 0 Inactive 
aol Odd Odd 3/2 4 Active 


4.4.2 Orientation of Nuclear Spins in an Applied Magnetic Field 


Like any spinning charged body, the nucleus of hydrogen atom (the proton) behaves like 
a tiny spinning bar magnet and generates a magnetic field. The magnetic moments of 
protons are oriented in random fashion in field-free space. But, when a proton is placed 
in a uniform magnetic field, its magnetic moment, according to quantum mechanics, can 
assume only certain discrete orientations and the system is then said to be quantized. 


A proton (7 = 5) may have two possible orientations, i.e., it may either remain align 


with the field |the lower energy a-spin state ( spin + 1 or against the field |the higher 
2 


energy B-spin state (spin - 5)|- We can also describe these orientations as parallel with 


or antiparallel with the applied field. Certain quantum of energy must be needed to cause 
the proton to flip over from the lower to the higher energy state. Orientations of magnetic 
moments generated by spinning nuclei in absence and presence of external magnetic field 
are shown in Figure 4.11. 
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B-spin state 
(higher energy) 


A 
dg apy ON a-spin state 


(lower energy) 
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Random orientations t f t t 
of magnetic moments . 0 
F : Orientations of muclear 
in the absence of magnetic ; : 
field: magnetic moments with or 
against the external magnetic 
field By 


Figure 4.11 Orientations of nuclear magnetic moments in absence and presence of external magnetic field 


4.4.3 Theory of Nuclear Magnetic Resonance 


The energy difference between the proton in a- and f-spin states is very small and out of 
one million nuclei only about ten more are in the lower (a@-spin) than in the higher energy 
(B-spin) state at 25°C. The energy needed to flip the proton, in an NMR spectrometer is 
supplied by electromagnetic radiation in the radio frequency region. Since the nucleus 
is spinning, its rotational axis draws out a circle perpendicular to the applied field. This 
motion of the nucleus is called precession. An example of this type of gyroscopic motion is 
a common top, which precesses when spun with an initial axis of rotation different from 
the earth’s gravitational field. This precessional frequency, i.e., the angular frequency w 
(which is also termed as Larmor frequency) must be exactly equal to the frequency of 
the electromagnetic radiation (v) necessary to induce a transition from one spin state to 
another and when this happens, i.e., when v= a, the nucleus and the radiofrequency beam 
are said to be in resonance (hence the term nuclear magnetic resonance) and only then 
absorption of energy by the nucleus occurs. This may be shown by Figure 4.12. 


Orbit of ks Axis of procession 


ee 


o = 60 MHz 


8 Axis of nuclear 
wa spin: spin + > 
A. 


Electromagnetic 
radiation of same 
frequency as 
processional 
frequency 


When v= a, een of energy 


rs | — Direction of 


magnetic field 


Figure 4.12 The nuclear magnetic resonance process; absorption of electromagnetic radiation with subsequent spin 
‘flip’ occurs when the frequency of radiation (v) is equation to the frequency of precession (@). 
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The process may also be represented by the following simplified diagram: 


1 
BL Against the — B 
(3) field 
hv 


(absorption occurs when 


V=0 
o(+3) With the field | ~—————-a 
Just how much energy is needed to flip the proton over depends on the strength of the 
applied field. The stronger the field, the greater the tendency to remain lined up with it and 


higher the frequency of radiation needed to do the job. The spin-state energy separation as 
a function of the strength of the applied magnetic filed By is shown in Figure 4.13. 


L B-spin [spin-}} 
(nuclear magnetic moment 
is antiparellel to Bp 


AE” AE’ > AE 


Energy 


No energy difference . 1 
in nuclear spin states T o-spin (sp in+ 3) 
in absence of external (nuclear magnetic moment 


magnetic field is parellel to Bo 


> 
Increasing magnetic field By 


Figure 4.13 The spin-state energy separation as a function of the strength of the applied magnetic field, Bp. 


In an applied magnetic field, a magnetic nucleus like proton precess at a frequency v, 
which is proportional to the strength of the applied field. The exact frequency is given by: 


v= Fo, Le., Vv Bo 
where By = strength of the applied external magnetic field experienced by the proton, 
y= gyromagnetic ratio (the ratio between the nuclear magnetic moment, uu, and 
the nuclear magnetic momentum, I. 
Thus, the precessional frequency, which is equal to the frequency of radiation required 
for resonance, depends on the strength of the applied field and isotope being studied. 
For example, if a proton is placed at an external magnetic field of 1.4 Tesla (i.e., 14,000 
Gauss), it will precess at 60 million cycles per second, and the corresponding precessional 
frequency would be v = 60 MHz. Similarly, under an external magnetic field of 2.3 Tesla, 
the frequency would be 100 MHz, and so on. 


Some typical values (approx.) for v are given in Table 4.9 for selected values of field 
strength Bo, for some common magnetic nuclei. 
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Table 4.9 Frequencies (in MHz) and field strengths at which selected nuclei have their nuclear resonances 


B,/Tesla 1.4 1.9 23 4.7 71 11.7 14.1 

Nucleus 
iH 60 80 100 200 300 500 600 
7H 9.2 12.3 15.3 30.6 46.0 76.8 92 
7B 19.2 25.6 32.0 64.2 96.9 159.8 192 
g 8 15.1 20.1 25.1 50.3 75.5 125.7 151 
uN 4.3 5.7 12 14.5 21,7 36.1 43 
™%O 8.1 10.8 13.6 O71 40.7 67.8 81 
ria 56.5 75.3 94.1 188.2 288.2 470.5 565 


In principle, we could place a substance in a magnetic field of constant strength and then 
obtain a spectrum in the same way we obtain an IR or a UV spectrum, i.e., by passing 
radiation of steadily changing frequency through the substance and observing the frequency 
at which radiation is absorbed. In practice, however, it has been found more convenient to 
keep the radiation frequency constant and to vary the strength of the magnetic field. The 
majority of low-cost NMR spectrometers use this mode (field sweep). However, in modern 
instruments called pulsed Fourier transform (FT) spectrometers, the magnetic field is held 
constant and an rf pulse of short duration excites all the protons simultaneously. Since the 
rf pulse covers a range of frequencies (all the frequencies over the 'H range, for example, 
spread around 100 MHz at 2.3 T, etc.), therefore each nucleus can absorb the frequency 
it requires to come into resonance (flip its spin) and produce a signal. The NMR spectrum 
produced in this case is called Fourier Transform NMR (FT-NMR) spectrum which can 
be recorded in 2 seconds. Also, a large number of FID (Free Induction Decay) signals can 
be averaged in a few minutes using less than 5 mg of the sample. 


Shielding causes different hydrogens to exhibit signals at different frequencies: 
We have already seen that the frequency of an NMR signal depends on the strength of 
the magnetic field sensed by the nucleus (Figure 4.13). Therefore, if all the protons in a 
compound were to experience the same magnetic field, they would all give signals of the 
same frequency. If this mere the case, the NMR spectrum of each compound would consist 
of a single signal that would tell us nothing about the structure of the compound (except 
that it contains hydrogens). 

In fact, all hydrogens do not experience the same magnetic field. In a magnetic field, the 
electrons circulate about the proton and induce a local magnetic field (B,,,,)) that opposes 
the applied magnetic field (By) and, therefore, subtracts from it. As a consequence, the 
amount of magnetic field that the nuclei actually experiences through the surrounding 
electrons, i.e., the effective magnetic field (B,.), in somewhat smaller than the applied 
magnetic field. 


Berge = Bo — Byocat [Biocai = GBo, where ois the shielding parameter] 


This relation indicates that the more the electron density there is near a proton, the 
more the proton is shielded from the applied magnetic field and the greater is B),,,). The 
shielding of this type is known as diamagnetic shielding. 


Fe st iaae aa loss eu dicot Semper tacateceecenge dua denen aieibiaehaidoneenereanalatas Cganc sherisiy: » Mega nnede 
Therefore, protons in electron-rich environments (in the presence of electropositive groups) 
experience a smaller effective magnetic field. Since AE is then smaller, they require a lower 
frequency to come into resonance, i.e., to flip their spin. On the other hand, protons in 
electron-poor environments (in the presence of electronegative groups) experience a larger 
effective magnetic field and because of larger AE, they require a higher frequency to come 
into resonance. 

An NMR spectrum exhibits a signal for each proton in a different electronic environment. 
More shielded protons in electron-rich environments appear at lower frequencies (on the 
right-hand side of the spectrum), whereas less shielded (or deshielded) protons in electron- 
poor environments appear at higher frequencies (on the left-hand side of the spectrum). 
This becomes clear from Figure 4.14. 


High v Low v 
= = (CH3)3C-—O—CH; 
‘Downfield’ Upfield’ Methyl ¢-butyl ether 
These three protons of 44) These nine protons of the 
h the —CH, group sense a —C(CH3)s group sense a 


smaller effective magnetic 


larger effective magnetic 
field. So, they come into 


field. So, they come into 


# resonance at a higher resonance at lower 
FI frequency. frequency 
= \ 
Shielded 
_) deshielded eas rene 
protons 


Frequency 


Figure 4.14 iHNMR spectrum of methyl t-butyl ether which shows shielded protons come into resonance at lower 
frequencies than deshielded protons. 


The terms upfield and downfield actually come into use when CWNMR spectrometers 
(operating on field sweep) were used (before the emergence of FTNMR spectrometers) and 
become very much entrenched in the vocabulary of NMR. Upfield simply means farther to 
the right-hand side of the spectrum, and downfield simply means farther to the left-hand 
side of the spectrum. 
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4.4.4 Solvents Used in NMR Spectroscopy 


A compound, which is free of proton, i.e., which does not give absorption of its own in 
NMR spectrum, should be used as a solvent. However, the solvent should be capable of 
dissolving at least 10% of the compound under investigation. The commonly used solvents 
in NMR spectroscopy are as follows: (i) carbon tetrachloride (CCl), (1i) deuterochloroform 
(CDCl;), (iii) deutero dimethyl sulphoxide (DMSO-d,), (iv) deuterobenzene (C,Dg), (v) 
trifluoroacetic acid, etc. 


These solvents differ considerably as regards their polarity and because of this, NMR 
spectrum of a compound measured in one solvent may be slightly different from that 
measured in another solvent of different polarity. Hence, it is important to mention the 
solvent used in an NMR spectrum. Hydrogen bonding also changes the value of 6 in this 
technique. Since H-bonding involves electron cloud transfer from hydrogen atom to a 
neighbouring electronegative atom (O, N, etc.), the H-atom experiences a net deshielding 
effect. At higher concentrations, strong intermolecular H-bonding occurs in compound 
containing —OH or —NH, group. For this, deshielding of proton is greater and the signal 
appears at higher 6 values than that at low concentrations. 


Some important characteristics of solvents used in NMR spectral studies are: 
(i) it should be chemically inert and magnetically isotropic, 
(ii) it should not contain hydrogen atom, and 
(iii) it should dissolve the sample to a reasonable extent. 


4.4.5 Chemical Shift 


When a molecule is placed in a magnetic field, its electrons are caused to circulate. 
Circulation of electrons about the proton itself generates an induced magnetic field which 
remain aligned in such a way that it opposes the applied magnetic field. The field felt by 
the proton is thus diminished, and the proton is said to be shielded. For a proton of a 
C—H bond, this may be shown as follows: 


at Induced magnetic field caused 
— by the electrons in the C—H bond 
opposes the external magnetic 


Applied | ttt field 
magnetic field 


Circulation of electrons—specifically, z electrons—about nearby nuclei generates a field 
that either opposes or reinforces the applied field at the proton, depending on the proton’s 
location. If the induced field opposes the applied field, the proton is shielded as before. If 
the induced field reinforces the applied field, the field felt by the proton is augmented, and 
the proton is said to be deshielded. 


Compared with a naked proton, a shielded proton requires a higher applied field strength 
and a deshielded proton requires a lower applied field strength to provide the particular 
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effective field strength at which absorption occurs. Shielding thus shifts the absorption 
upfield and deshielding shifts the absorption downfield. Such shifts in the position of 
NMR absorptions from the signal for the reference compound, arising from shielding and 
deshielding of protons caused by electrons, are called chemical shift. These changes are 
termed chemical shifts because these shifts result from the circulation of electrons in a 
chemical bond. 


To compare chemical shifts displayed by different kinds of proton, it is necessary to accept 
a compound whose absorption can be taken as a reference point on a chemical shift scale. 
It has been observed that the twelve equivalent protons of tetramethylsilane [TMS, 
(CH3),Si] give a single sharp line in a region where generally no other kind of protons 
absorb, and so, it is the standard reference compound which is universally accepted. It 
is chosen because it is a volatile liquid, b.p. 26.5°C and is inert to most reagents. Also, it 
is soluble in most organic liquids. Furthermore, silicon, being more electropositive than 
carbon tends to donate electron density to the methyl groups, thereby increasing their 
shielding. The relatively high shielding of protons in TMS causes it to resonate upfield, 
well clear of most common organic protons commonly encountered in organic compounds. 
Recently a substitute of TMS, termed as DSS (sodium 2,2-dimethyl-2-silapentane-5- 
sulphonate, Me,SiCH,CH,CH,SO,Na) is also in use as internal reference standard in 
aqueous solution for running NMR spectra of compounds soluble in D,O. 


The orientation of the spectrum on the chart is adjusted electronically so that the TMS peak 
coincides with the zero grid line. Peak positions are measured in frequency units (hertz) 
downfield from the TMS peak and this is because v < By. However, it is not convenient 
to express the chemical shift in Hz since it is proportional to the radio frequency of the 
various spectrometers (e.g., 60 MHz, 100 MHz, etc.) the field must match. When reporting 
chemical shift in frequency units (Hz), the radio frequency of the instrument must be 
specified. For instance, a chemical shift of 437 Hz (for CHCl, proton) with a 60 MHz 
instrument appears at 2,185 Hz with a 300 MHz instrument. If, however, it is expressed as 
fraction of the particular radio frequency used, a chemical shift has a constant value that 
is independent on the radio frequency and the magnetic field at the NMR spectrometer 
employs. The chemical shift positions are frequently expressed in 6 (delta) units which are 
defined as differences in ppm (parts per million) from the TMS signal, i.e., the zero point 
on the 6 scale. The 6 unit is a proportionality and is thus dimensionless. The 6 values for 
equivalent protons are the same on a 60 MHz spectrometer or on a 100 MHz spectrometer, 
i.e., independent of the radio frequency used. For example, the 6 value of CHCl; proton is 
7.28 ppm irrespective of the instrument used. 


Observed chemical shift (Hz) from TMS, ie., 


(Position of signal — Position of TMS peak) . 


Chemical shift (6) = 10° 


Radio frequency of the spectrometer 


Organic Spectroscopy 4.109 


Thus, the chemical shift for the proton in chloroform in a 60 or 300 MHz instrument is 
the same: 
é= (437 Hz —0 Hz) , 10° = (2,185 Hz — 0 Hz) 
60 MHz 300 MHz 
If the radio frequency is used in MHz to calculate the value of 6, the resulting number 
becomes too small. Because of this, it is multiplied by 10° so that we obtain a value which 
can be conveniently handled. 


x 10° = 7.27 ppm 


If a signal is shifted towards the left on the chart paper (larger chemical shift), we say 
that it is shifted downfield. A downfield shift actually corresponds to decreased shielding 
around a nucleus, i.e., deshielding. Ifa signal is shifted towards the right (smaller chemical 
shift), we say that it is shifted upfield. An upfield shift corresponds to increased shielding 
around a nucleus. 


Another standard scale is the t (tau) scale. This is also independent of the frequency and 
defines the TMS peak as occurring at 107. To convert from 6 to t, the chemical shift as 
measured on the 6 scale is subtracted from 10, i1.e., t= 10 — 6. The relationship between 
these two scales, position of TMS signal and the correlation of shielding effects with the 
magnetic field are shown in Figure 4.15. 


BES eee eS 
es es ee | 


TMS 
—_~_ 
“ Higher frequency Lower frequency 
‘downfield’ ‘upfield’ 
(corresponds to less (corresponds to more 


shielding or deshielding shielding around nucleus) 
around nucleus) 


10 9 8 7 6 5 4 8 2 1 + O &(ppm) 
Chemical shift 


Figure 4.15 Scales of NMR spectra 


The following diagram will help to keep track of the terms associated with proton NMR 
spectroscopy: 


Protons in electron-poor environments Protons in electron-dense environments 


deshielded protons shielded protons 
downfield upfield 
high frequency low frequency 
large 6 values small 6 values 
< dppm 
< frequency (v) 
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4.4.6 Factors Influencing Chemical Shift 


The chemical shifts of different types of protons are influenced by local environments. The 
value of chemical shifts of different types of protons, listed in Table 4.10 are illustrative. 


Table 4.10 Approximate chemical shift ranges (ppm) for selected types of protons 


R—CH; 0.7-1.3 | 2.04.0 
oe 
R—CH,—R 1.2-1.4 | 2.7-4.1 
a 
R;CH 1.4-1.7 | 3.1-4.1 
ai ideas 
i | | 1.6-2.6 | | 3.2-3.8 
ee RO-C—H, oo 
O | O | 2.1-2.4 O | 3.5-4.8 
i i i 
R—-C : H, H—C : H a Oe 
2.1-2.5 | 4.1-4.3 
RO—C : H, HO—C . H | 
| 2.1-3.0 | 4.2-4.8 
a oe 
| 2.3-2.7 | | 4.5-6.5 
<O>-0-H R—-C=C—H 
R—C=C—H 1.7-2.7 Ar—H 6.5-8.0 
R—S—H 1.0-4.0? O 9.0-10.0 
I 
R—C—-H 
R-N-H 0.54.08 O 11.0-12.0 
| i 
R—C—OH 
R—O—H 0.5-5.0* 


<O- 0-H 4.0-7.0° 
<O-N-H 3.0-5.0° 


5.0-9.0 


if 
kc 


“The chemical shift of these groups are variable, depending not only on the chemical environment in the 
molecule but also on solvent, concentration and temperature 


Ba oreces dived cea tear sige atest dad aoe Rem audlouannuasneinde 
We shall now discuss some important factors influencing the chemical shifts. These factors 
are as follows: 

(a) Electronegativity of nearby atoms or group (inductive effect) 

(b) State of hybridization of adjacent atoms 

(c) Resonance effect 

(d) Hydrogen bonding 

(e) Steric effect (van der Waals deshielding) 

(f) Diamagnetic effects of n-bonds (magnetic anisotropy) 


(a) Electronegativity of nearby atoms or groups (inductive effect): Protons 
in different environments experience different degrees of shielding and have different 
chemical shifts. Protons on saturated carbon atoms not attached to hetero atoms (N, O, 
halogen) absorb far to the right in the spectrum. This higher field absorption is due to 
the shielding caused by the surrounding C—C and C—H bonding electrons. For example, 
the three protons of a CH,-group (which give only one absorption signal due to the same 
electronic environment), when attached to another carbon with no nearby substituent, 
appear at about 6 0.7—1.3. However, when the electron density is reduced due to the 
inductive effect of a neighbouring electronegative atom, the shielding effect due to electrons 
is reduced with the result that resonance can now occur at a lower value of the applied field 
(deshielding). It is, therefore, understandable that protons of a methyl group attached to 
an electronegative atom resonate, i.e., appear at lower field than those of a methyl group 
attached to carbon. Thus, it can be said that shielding and deshielding of protons depend 
upon the inductive effect of the neighbouring atom or group. The electron-withdrawing 
group reduces electron density around the proton and results in its deshielding, while the 
electron-releasing group (mostly alkyl) increases the electron density around the proton 
and results in its shielding. 


Examples 
1. Since the electronegativity of halogen increases from I to F (F = 4, Cl = 3.1, Br = 2.8, 
I = 2.5), the chemical shift for protons of halomethane increases in the following 
order: 
CH,—I CH;—Br CH,—Cl CH,—F 
62.16 62.68 63.05 64.26 
2. The influence of electronegativity of atoms may also be observed in the following 
series (where the electronegativity order is F >O >N >C): 
CH,—F CH,—OCH, (CH3),N CH,CH, 
64.26 63.30 6 2.30 60.9 
3. The deshielding effects of electronegative groups are cumulative as illustrated by 
the following sequence: 


CH,—Cl CH,Cl, CHCl, 
63.05 65.30 67.27 
4. The deshielding effect of halogens diminishes with increase in distance. 
—CH,—Br —CH,—CH,Br —CH,—CH,CH,Br 
63.30 61.69 61.25 


5. Carbon is more electronegative than hydrogen. Because of this, every replacement 
of hydrogen by an alkyl group causes a downfield shift in the resonance of any 
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remaining hydrogen on it. Thus, methyl, methylene, methine, hydrogens come into 
resonance at successively lower fields. 


MeCH, Me,CH, Me,CH 
60.86 61.33 61.68 
6. Replacement of hydrogens of methane by phenyl group also causes downfield shift 
(deshielding). 
CH, PhCH, PhCH, Ph,CH 
60.23 62.34 63.92 65.63 


7. Due to extensive deshielding (depletion of electron density), the methine hydrogen 
in diphenylmethy] cation appears at a much downfield. 


@ 
Ph,CH 
59.30 


(b) State of hybridization of adjacent atoms: Hydrogens attached to an sp*-hybridized 
carbon typically have signals at 60.8 to 1.7. Vinylic hydrogens 2C=CG, are considerably 


deshielded and their signals appear at 6 4.6 to 5.7. This is due to the fact that a vinylic 
hydrogen is attached to an sp*-hybridized carbon which is more electronegative than 
an sp°-hybridized carbon. However, signals for acetylenic hydrogens attached to more 
electronegative C,, carbon appear anomalously at 6 2.0 to 3.0 (1.e., between C,,,—H and 
C.,o—H). If the chemical shift of vinylic hydrogens (6 4.6—5.7) were caused entirely by 
the hybridization state of carbon, then the chemical shift of acetylenic hydrogen should be 
even greater than that of vinylic hydrogens. Yet the chemical shift of acetylenic hydrogens 
(—C=C—H) is only 62.0 to 3.0. That the chemical shift of acetylenic hydrogens is abnormally 
small or the chemical shift of vinylic hydrogen is abnormally large is due to the fact that 
not only electronegativity but also some other factor must be contributing to the magnitude 
of chemical shift. This factor is called magnetic anisotropy (magnetic induction from 
z bonds). 


(c) Resonance effect: Resonance or mesomeric effect plays an important role towards 
the variation in electron density in protons which is reflected in the positions of their 
signals in the NMR spectra. For example, in cyclohexenone, the carbonyl group withdraws 
electrons from the B-position by resonance so as to deshield this position and consequently, 
the proton at this position shows a peak at a distinctly downfield position (66.88) compared 


to cyclohexane (6 5.57). 
5° H (6 6.88) 
at ® 
<> — i. 
Ch S Cy (6 6.20) 
Q: 50: 


xe) 
. Hybrid structure 
Resonance in 2- 


cyclohexenone 


Similarly, in the following substituted vinyl ether, the oxygen atom deshields the @ proton 
by —I effect and shields the B-proton by +R effect; a-proton signal appears at 6 = 6.2, 
whereas -proton signal appears at 6= 4.6. 


Organic Spectroscopy 4.113 


_ CS) ® 
cu, cH- Gon, <> CH,CH—CH=OCH, 
Resonance in 1-methoxyprop-1-ene 


The chemical shifts of protons ortho, meta and para to a substituent on an aromatic 

ring are correlated with electron densities caused by that substituent at that particular 

position. For example, the ortho- and para-protons of anisole are shielded, since the — 

OMe group donates electrons to the ortho- and para-positions by resonance effect (+R) and 

as a consequence, the ortho- and para-protons show signals upfield than benzene (6 7.27). 
é 


OCHs OCH; 
H LEH, (6 6.79) 
&- C é 
He H, (57.24) 
Hybrid coe H, (6 6.73) 


In nitrobenzene, the —NO,z group withdraws electrons by its —R and —I effects from ortho- 
and para-positions more than the meta-position (by only its —I effect). So, the ortho- and 
para-positions will be more deshielded, i.e., will show signals downfield than benzene. The 
meta-position will also show slight downfield — than benzene (67.27). 


ON 
ae) St en (6 8.22) 
Nitrobenzene Pe) 
Hp (6 7.48) 
eal H,(6 7.61) 
structure 


(d) Hydrogen bonding: Hydrogen bonding involves transfer of electron cloud from the 
H atom to the attached electronegative atom (O, N, etc.). This electron withdrawal from a 
proton depletes the electron density around it and as a consequence, downfield shift occurs. 
The greater the degree of H-bonding, the greater the downfield shift (higher 6 value) of 
its resonance. The position of resonance of OH and NH protons of alcohols and amines 
is unpredictable because the extent of H-bonding depends on concentration, solvent and 
temperature. For example, in spectrum of neat ethanol (in which its molecules remain 
highly associated through intermolecular H-bonding), the OH proton appears as a slightly 
broadened peak at 65.28 ppm. However, at a concentration of about 5—20% in a non-polar 
solvent like CCl,, when the association breaks up (into trimers or dimers), the OH proton 
resonates upfield in between 6 2.0—4.0 and at infinite dilution, when there is practically no 
hydrogen bonding, proton resonance occurs near 6 0.5-1.0. The extent of intermolecular 
H-bonding decreases with rise in temperature. Because of this, the OH proton resonates 
upfield at an increased temperature. 
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Et Et Relatively free ethanol 


Hydrogen bonded ethanol (dilute solution) 


(neat liquid or much concentrated 
solution) 


Intramolecular H-bonding, however, remains practically unaffected on dilution and 


'H NMR spectrum from such systems remains virtually unchanged by changing the 
concentration. For example, in salicylates, no change in chemical shift occurs on dilution. 


Intramolecular 
vi “O H-bonding 


Salicylates 
(doy = 10-12; no 
change on dilution) 


In the enol form of a $-diketone, say, acetyl acetone, there occurs intramolecular hydrogen 
bonding which is further strengthened by resonance. This causes a great deshielding 
effect and in fact, the OH proton absorbs at the negative tau value (—4.97, i.e., 614.9). The 
position of the peak does not vary with change in concentration in the solvent CDCl,. But, 
increase in temperature makes the hydrogen bonds weaker so that the peak is observed 
to shift to lower 6. 


Intramolecular 
H-bonding 
ca 2 ae 
O O :0 x6) 6) ‘0: 
a: ee ae ee 
CH,~ “SCH; ~~CH3-=— |CH;~~ SCH~~™*CH3; CH;~~ ~CH7~™CHs; 
Keto-form Enol-form 


Acetyl acetone 


(e) Steric effect (van der Waals deshielding): In overcrowded molecules, it is possible 
that some proton may be occupying sterically hindered position. Clearly, the electron cloud 
of a bulky group (the hindering group) will tend to repel the electron cloud surrendering 
the proton. Therefore, such a proton will be deshielded and will resonate at slightly higher 
value of 6than expected in the absence of this effect. 


(f) Diamagnetic effects of z-bonds (magnetic anisotropy): In addition to the through- 
bond inductive effects, the applied magnetic field induces unsymmetric magnetic fields 
about z-bond and this is because z-electrons are more polarizable than o-electrons and 
free to move in a circular path in response to a magnetic field. The effect of these induced 
fields which operates through space may be large or small. The induced field opposes the 


acc chceachactn oben dacs dsuitiieinste tele ed Otoa seme iano aetna eadieusiede oe 
applied field in some region and reinforces the latter in some other region of the molecule. 
Thus, the protons lying in the former region are shielded while those lying in the latter 
region are deshielded. Such shielding and deshielding effects on the proton due to induced 
magnetic field are called anisotropic effects. Since the nature of the induced field around 
the z-bond is not similar, i.e., not isotropic, it is called anisotropic effect. 


The deshielding effect of protons attached to C=C is higher than that can be accounted 
for by the inductive effect of C,,. alone. Aldehyde and aromatic protons are much more 
deshielded. Acetylenic protons appear at relatively low value of 6. The value of 6 in each 
case can be justified by explaining the manner in which the z electrons circulate under 
the influence of the applied magnetic field. Let us consider an alkene, e.g., ethylene 
(CH,=CH,). It is so oriented that the plane of the molecule is at right angles to the 
applied field. Induced circulation of z electrons generates an induced magnetic field which 
is diamagnetic around carbon atoms and paramagnetic in the region of the protons. A 
small field is, therefore, required for resonance resulting in their deshielding. The highly 
deshielded position of aldehydic proton is attributed to a combination of a strong inductive 
effect and the paramagnetic deshielding effect caused by the carbonyl z-electrons. These 
are shown in Figure 4.16. 
Induced 


magnetic 
1eld 
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Figure 4.16 Paramagnetic deshielding effect experienced by the protons of ethylene and formaldehyde 


The NMR spectrum of benzene consists of a sharp, single line at 67.27. This peak is due to 
six equivalent ring protons. The value of chemical shift is, however, somewhat surprising. 
The signal appears farther downfield than is normally observed for the hydrogens attached 
to the double bonds of alkenes (6 4.5-6.5). This unusual chemical shift of the protons of 
benzene may be well explained by anisotropic effects. When the z-electron system of an 
aromatic compound is subjected to an applied magnetic field, Bp, the z-electrons are made 
to ‘flow’ in a circle around the ring. The flow is called a ring current. 


This ring current generates an induced magnetic field that adds to By in the region near 
the benzene protons. The net result is that the benzene protons are deshielded and a 
lower applied field is required to bring them into resonance (downfield: high 6 value). The 
induced magnetic field opposes the applied field B, in the centre of the benzene ring. The 
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magnetic anisotropy in benzene is shown in Figure 4.17. It is to be noted that the shift 
of benzylic protons is less than the shift of benzene protons because benzylic protons are 
further from the ring. 
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Figure 4.17 Paramagnetic deshielding effect experienced by benzene protons 


[It appears that only an aromatic molecule can produce a ring current of this magnitude 
and direction. Therefore, the presence of a ring current, indicated by unusual chemical 
shifts, is the most common experimental criterion of aromaticity.] 


Unlike ethylinic and aldehydic protons, the acetylenic protons appear at high field (low 6 
values). Circulation of electrons around the triple bond occurs in a way so that the proton 
of an alkyne (e.g., acetylene) experiences a diamagnetic shielding effect. The acetylene 
molecule is linear. When the axis of acetylene molecule lies parallel to the direction of 
the applied field Bo, the cylindrical sheath of z-electrons is induced to circulate around 
the axis. This electronic motion induces a magnetic field which, at the acetylenic protons, 
opposes the applied field Bp. The net result is that the acetylenic protons are shielded and 
a higher applied field is required to bring them into resonance (upfield: low 6-value). This 
is shown in Figure 4.18. 


Shielding 
region 


(+) 
H 


C Induced magnetic 
| field 
(-) (-) 
C Circulation of 
| m electrons 


(+) 
MY 
Bo 
Figure 4.18 Shielding of acetylenic protons in parallel orientation to the applied field 
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In fact, the diamagnetic shielding of acetylenic protons is a result of two factors. When 
the molecule is aligned perpendicular to the magnetic field By, the acetylenic protons are 
deshielded, just as in the case of ethylenic protons. But this deshielding component is 
smaller than the shielding component, because the electrons are not as free to move in this 
direction. When averaged over all possible orientations, the effect is a net diamagnetic 
shielding. 


4.4.7 Chemical Shift and Stereochemistry 


Two or more protons that are in identical environments have the same chemical shift and 
are, therefore, give only one proton NMR signal. For most compounds, protons that are 
in the identical environment are also equivalent in chemical reactions. It, thus, follows 
that chemically equivalent protons have the same chemical shift and they are said to be 
chemical shift equivalent or isochronous. 


In general, hydrogens having the same chemical shift are either (a) equivalent (homotopic) 
or (b) enantiotopic. This can be demonstrated by replacing each hydrogen in turn with 
some other group, say, Z. If in making these substitutions we get the same compound 
from each replacement, then the protons are chemically equivalent and are chemical shift 
equivalent. For example, the protons Hy, and Hg, in 1,1-dichloroethene are equivalent 
(homotopic) because replacement of H, and Hg by a group Z gives the same product. This 
means that H, and Hp, must be chemical shift equivalent or isochronous. 


Replacement of Ha by Z Z \ Cl 


Hp 4 Cl 
H Cl 
ne ae 
Hp ‘Cl Replacement of Hp by Z H Cl 
p B PY . ae a 


1,1-Dichloroethene go Ky 


For the methyl hydrogens of p-xylene, we can think an actual chemical reaction, e.g., 
benzylic bromination, that demonstrates their equivalence. This reaction produces the 
same monobromo derivative regardless of which of the six hydrogen atoms is replaced. 
Therefore, these protons are chemically equivalent and are chemical shift equivalent. 


H H H H Br H 
\ A NBS \ Wa \ va 
H p-xylene 7 H Br H p-xylone H 


(homotopic protons) 


Other examples of equivalent (homotopic) protons include those shown in bold face (H) in 
the following structures: 
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Br Br H 
H H H H H H l 
TO" Og ere Desc ots 
H H 4H H H H | 
H 
H Cl H H H H Br H 
Br H.-H 
H CH 
H,;C—C—CH, » = 4 : 
| H3C H 
Br 


Enantiotopic hydrogens can be identified by using the same type of substitution process. 
However, in this case replacing the two protons in turn with a group Z will form two 
enantiomers. For example, protons H, and Hp in bromochloromethane are enantiotopic. 
replacement of the first one, and then the other, with a group Z leads to two enantiomers. 
This means that H, and Hg are chemical shift equivalent or isochronous. 


i 
Replacement of Ha by Z F 
> He’ p, 
Cl 
é Z 
aut mls 7 
Hp~ yi Br Cc]  |[Enantiomers 
Ha Repl | 
placement of Hp by Z P 
a Se 
Bromochloromethane W <— 
A 


Other examples of enantiotopic hydrogens include those shown in bold face (H) in the 


structures below: 
i ; 
CH3;—C—OH KA CH3;—C—CH3 
| H Br | 


H H 


Each set of chemically equivalent protons in a compound produces a separate signal in 
its ‘HNMR spectrum. Thus, 1-chloropropane (CH,CH,CH,CD has three signals in its 
‘HNMR spectrum because it has three sets of chemically equivalent protons. Similarly, 
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2-bromopropane (CH,CHBrCH;) has two sets of chemically equivalent protons, so it has 
two signals in its (HNMR spectrum. (It is to be noted that sometimes the signals are not 
sufficiently separated and overlap each other. When this happens, one sees less number 
of signals than expected.) 


Protons that are diastereotopic will have different chemical shifts. Diastereotopic 
protons can be recognized by using the substitution criterion. If replacement of each 
hydrogen atom by a group, Z, gives compounds that are diastereomers, the two hydrogens 
are said to be diastereotopic. Diastereotopic protons do not have the same chemical shift, 
1.e., they give rise to different proton NMR signals. Therefore, diastereotopic protons are 
said to be chemical shift nonequivalent or anisochronous. For example, the two protons of 
the —CH, group of chloroethene are diastereotopic. 


Replacement of Ha by Z a Cl, rs Z 
H% \ \Hp 
Cl Ha 
\ rf : ; 
oC. | Diastereoisomers 
H Hp 
Replacement of Hp by Z Cl. Z Ha 
Chloroethene - = 
H’ NZ 


The two methylene (—CH,—) protons of sec-butyl alcohol are also diastereotopic because 
similar replacement produces two diastereoisomers. 


HO. 
H3C = UH 
Replacement of Hy, by Z | <—_ 

HO. Z, att C Se iS 
% vant oO 
H,C\%,-H { Cds a 
C Hp B 
S 
C g 
Hy CH; a 3 
H. H3C\ 4% = 
. Replacement of Hg by Z C = 

sec-Butyl alcohol > | 

aunt C 

Ha"/ ~CHs 
Z 


So, the Hy and Hg protons in both the cases are chemical shift nonequivalent. In the 
following examples, the protons in bold face are diastereotopic and therefore, anisochronous. 
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H Cl H H CH; O° 
| | Hy... | | 
CH,—C—C—Br boa 84 H—C——-S—CH, 
i. al H CHz;  H;C H [| @ 
H F CH; 
cl H 


Enantiotropic hydrogens may not have the same chemical shift if the compound is 
dissolved in an optically active solvent. However, most proton nmr spectra are determined 
using optically inactive solvents and in this situation enantiotropic protons have the same 
chemical shift. The chemical shift of diastereotopic hydrogens does not depend upon the 
solvent in which the spectrum is taken. 


4.4.8 NMR and Rate Processes (Equivalence of Protons: a Closer Look) 


Equivalence or nonequivalence of protons is fundamental to the NMR spectrum, since 
it affects both the number of signals and their splitting. Let us look more closely at 
equivalence, and see how it is affected by the rate at which certain molecular changes, for 
example, rotation about the carbon—carbon single bonds, occur. 


Professor John D. Roberts (of California Institute of Technology), a pioneer in the 
application of NMR spectroscopy to problems of organic chemistry, has compared the 
NMR spectrometer to a camera with a relatively low shutter speed. Such a camera is able 
to photograph the spokes of a wheel in different ways depending upon the speed with 
which the wheel spins: as sharp, individual spokes when it spins slowly; as blurred spokes 
when the spinning is faster; and as a single circular smear when the spinning is much 
faster. Similarly, if the molecular change is fast, the NMR spectrometer sees a proton in 
its average environment and gives a smeared-out picture. But, if the molecular process is 
slow, the spectrometer sees the proton in each of its environments. 


Let us examine the effects on the NMR spectrum of rotations about single bonds and 
for this, let us consider the spectrum of ethyl bromide (CH;CH,Br). The most stable 
conformation of ethyl bromide is the one in which the groups are perfectly staggered. In 
this staggered conformation, one hydrogen of the methyl group is anti to bromine and 
two hydrogens are gauche. The anti proton is, therefore, in a different environment from 
the others, and is not equivalent to them at that moment. If NMR spectrometer were to 
detect this particular conformation of ethyl bromide, it would show the anti hydrogen of 
the CH,— group at a different chemical shift. 


H H 
Flying-wedge ~ gH H H Fischer projection 
projection of —~ He aw —CL = AK < of ethyl bromide 
ethyl bromide / Br H H 
H Br 


However, it is known that in the spectrum of ethyl bromide, the three methyl protons 
give a single signal (a signal that is split into a triplet by spin-spin coupling with the 
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two protons of the adjacent carbon) and this is because at room temperature the groups 
connected by carbon—carbon single bond rotate approximately 1 million times per second. 
The ‘shutter speed’ of the spectrometer is too slow to ‘photograph’ this rapid rotation; 
instead, it photographs the methyl] protons in their average environments (one-third anti 
and two-third gauche), and in this sense, it gives us a blurred picture of the methyl] group. 


He Hs Hs Ha Hy He 


(In one of these conformations a given proton, say H,, 
is anti to Br and in other two it is gauche.) 


Rotations about single bonds slow down as the temperature of the compound is lowered. 
When we determine the spectrum at a sufficiently low temperature, this slowing of 
rotations allows us to ‘see’ the different conformations of a molecule. 


An example of this phenomenon, and one that also shows the usefulness of deuterium 
labelling, can be seen in the low temperature proton NMR spectra of cyclohexane and of 
undecadeuteriocyclohexane (C,D,,H). A room temperature, ordinary cyclohexane gives 
only one signal because interconversion between two chair forms occurs very rapidly 
and the average environments of six axial and six equatorial protons are identical: half 
equatorial, half axial. At -70°C, the signal splits into two peaks and at —100°C two clearly 
separated peaks are obtained. One peak is due to axial protons and the other is due to 
equatorial protons. In fact, at a much low temperature interconversions are slow and it 
becomes possible for the NMR spectrometer to ‘photograph’, i.e., to detect the individual 


conformation. 
Fx 
Hp _~. 
[~y = = 
Hg 


(Chair conformations of cyclohexane) 


At —100°C, however, undecadeuterocyclohexane gives only two sharp signals of equal 
intensity. These signals correspond to the axial and equatorial hydrogen atoms of the 
following two chair conformations. 


Axial hydrogen 
D D 


— H, 
= D 
H D 


D 


|Equatorial hydrogen 
i 


Undecadeuterocyclohexane 
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Another example of rapidly occurring process can be seen in the NMR spectrum of 
ethanol. The NMR spectrum of ordinary ethanol shows the hydroxyl proton as a singlet 
and the protons of the —CH.-group as a quartet. In ordinary ethanol, we observe no signal 
splitting arising from coupling between the —OH and —CH.,-protons even though they 
are on adjacent atoms. If the NMR spectrum of very pure ethanol is examined, we find 
that the signal from the hydroxyl proton is split into a triplet, and that the signal from 
the protons of the —CH,— group is split into a multiplet of eight peaks. This observation 
suggests that in very pure ethanol, the spin of the proton of the —OH group couples with 
the spin of the protons of the —CH,— group. Whether or not coupling occurs between the 
hydroxyl proton and the methylene proton depends on the length of time the proton spends 
on a particular molecule. Protons attached to electronegative atoms with lone pairs such 
as oxygen can undergo rapid chemical exchange, i.e., they can be transferred rapidly 
from one molecule to another. The chemical exchange in very pure ethanol is relatively 
slow and as a consequence, the signal splitting of and by the hydroxyl proton is seen in 
the spectrum. In ordinary (commercial) ethanol, acidic and basic impurities catalyze the 
chemical exchange; the exchange takes place so rapidly that the hydroxyl proton gives 
an unsplit signal and those of the methylene protons are split only by coupling with the 
protons of the —CHzs group. Therefore, it can be said that rapid exchange causes spin 
decoupling. 

The chemical exchange of alcohols catalyzed by the presence of traces of hydrogen chloride 
in solvents take CCl,, CDCl., etc. may be shown as follows: 


5 
R—O—H + R—O—H* === R—O—H* + R-O—H 
(The exchange is much faster than NMR time scale of 10~ to 10-° s) 


4.4.9 Peak Area and Proton Counting 


A careful inspection of the NMR spectrum of a compound, e.g., toluene, makes it clear 
that all the signals in a spectrum are not of equal intensity. In fact, the area under each 
signal (or peak size) is directly proportional to the number of equivalent protons giving 
rise to the signal. Although a visual comparison of absorption areas gives us rough idea, 
for an accurate analysis, these peaks are integrated by an automatic electronic integrating 
device. Such an integration appears in the NMR spectrum in the form of stepped up curves 
whose heights are proportional to the areas under the peaks. A look at the spectrum of 
toluene (Figure 4.19) reveals that the height of integral line for the deshielded protons 
corresponds to 44.3 divisions, and the one for the shielded protons corresponds to 26.1 
divisions. Dividing each by 26.1, we get 
44.3 _ 
26.1 — 


Thus the simplest ratio of the protons is 1.7:1. 


26.1 | 
L7; 5eq=1 


Multiplying each number by 3 we get the simplest whole number ratio 5 : 3. We can then 
conclude that five protons are responsible for the signal at 67.17 (C,H;—) and three are 
responsible for the signal at 62.34 (—CHs). 
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26.1 div. 


Methyl 
protons 


[TTT LU TTP TITTTTTTT PTT TTTTTT 


8 7 6 5 4 3 2 di 06 


Figure 4.19 NMR spectrum of toluene 


4.4.10 Signal Splitting (Spin-Spin Coupling) 


Signal splitting is caused by the magnetic fields of protons on nearby atoms. The 
following spectrum of 1,1,2-tribromoethane shows the signal splitting of different protons 


(Figure 4.20). 
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Figure 4.20 NMR spectrum of 1,1,2-tribromoethane 
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The signal from the two equivalent protons of the —CH.Br group of 1,1,2-tribromoethane 
is split into two peaks by the single proton of the —CHBr, group. The signal from the 
proton of the CHCl,— group is split into three peaks by the two protons of the —CH,Cl 
group. This may further be illustrated as follows: 
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(a) (b) 
; Br.CHCH Br (1,1,2-Tribromoethane) 
Signal from Signal from 
| (b) 
Split into a triplet Split into a doublet 
by the two (b) protons by the (a) proton 


Signal splitting arises from a phenomenon known as spin-spin coupling. Spin-spin coupling 
effects are transferred primarily through the bonding electrons and are not usually 
observed if the protons are separated by more than three o bonds. Thus, we observe signal 
splitting from the protons of adjacent o-bonded atoms in 1,1,2-tribromoethane. However, 
we could not observe splitting of either signal of tert-butyl methyl ether because the 
protons labelled (b) are separated from those labelled (a) by more than three o-bonds. 
Both signals from tert-butyl methyl ether would be singlets. 


tert-Butyl methyl ether 
(no signal splitting) 


Signal splitting is not observed for protons that are chemically equivalent (homotopic 
or enantiotopic). That is, signal splitting does not take place between protons that have 
exactly the same chemical shift. Thus, we would not expect, and do not find, signal splitting 
in the signal from the six equivalent hydrogen atoms of ethane. Also, we do not find signal 
splitting in the signal of enantiotopic protons of methoxy acetonitrile. 


Enantiotopic protons 


CH;—CHs CH,0CH,CN 
Ethane Methoxy acetonitrile 
(no signal splitting) (no signal splitting) 
Let us now explain how signal splitting arises from coupled sets of protons that are not 
chemical shift equivalent. 


We know that the protons can be aligned in only two ways in an external magnetic field: 
with the field or against it. Therefore, the magnetic moment of a proton on an adjacent 
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atom (C, O, N) may affect the magnetic field at the proton whose signal we are observing 
in two ways. The occurrence of these two slightly different effects causes the appearance 
of a peak somewhat upfield (from where the signal might have occurred) and another peak 
somewhat downfield. 

Figure 4.21 shows how the two possible orientations of a neighbouring proton H, splits the 
signal from the proton H, (the two protons are not equivalent). 


(a) i. ‘ H, 
—C—C— 2 Signal from H, 
in the absence Hj, 


- * Magnetic moments of Hy, split the 
7 Jay— signal from the H, into two peaks of 


li i cal 1 
Two magnetic equal intensity (a 1:1 doublet) 
orientation of H,~ > < 


Applied field Bj ——————~ 


(b) | 4 
bel 


Figure 4.21 Signal splitting arising from spin-spin coupling. A theoretical analysis is shown in (a) and the actual ap- 
pearance of the spectrum in (b). The distance between the centres of the peaks of the doublet is called 
the coupling constant, J.,, 


The two equivalent protons on an adjacent carbon (or carbon atoms) split the signal from 
an absorbing proton in a 1:2:1 triplet. Figure 4.22 illustrates how this pattern occurs. 


In compounds of either type (A or B), both protons may be aligned with the applied field. 
This orientation causes a peak to appear at a lower applied field strength than would occur 
in the absence of the two Hj, atoms. Conversely, both protons may be aligned against the 
applied field. This orientation of Hj, protons causes a peak to appear at higher applied field 
strength than would occur in their absence. Finally, there are two ways in which the two 
protons may be aligned in which one opposes the applied field and one reinforces it. These 
arrangements do not displace the signal. Since the probability of this last arrangement is 
twice that of either of the other two, the middle peak of the triplet is twice as intense. 


The proton of the —CHBr, group of 1,1,2-tribromoethane (Br,CHCH,Br) is an example 
of a proton of the type having two equivalent protons on an adjacent carbon. the signal 
from the —CHBr, group appears as a 1:2:1 triplet and as we would expect, the signal from 
the —CH.Br group of 1,1,2-tribromoethane is split into a 1:1 doublet by the proton of the 
—CHBr, group. 
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in the absence of Hy, 


—C—C—C— : \ Protons of H, split the 
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Figure 4.22 Splitting pattern of a proton signal by the two adjacent equivalent protons 


The spectrum of 1,1,2,3,3-pentachloropropane (Cl,CHCHCICHCI,) is similar to that of 
1,1,2-tribromoethane in that it also consists of a 1:2:1 triplet and a 1:1 doublet. The two H,, 
atoms of 1,1,2,3,3-pentachloropropane are equivalent even though they are on separate 
carbon atoms. The NMR spectrum of this compound is given in Figure 4.23. 


2 3 4 5 6 7 8 9 10 t 
(a) 
a a Cl 
(b) (b) H—C—C—C—H (b) 


1:1 doublet | | 
Cl Cl Cl 


1,1,2,3,3-Pentachloropropane 
TMS 


(a) 


H1:2.1 triplet 
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Figure 4.23 NMR spectrum of 1,1,2,3,3-pentachloropropane 
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Three equivalent protons (H,) on a neighbouring carbon split the signal from H, into a 
1:3:3:1 quartet. This pattern is shown in Figure 4.24: 


Hp He Signal of H, in absence 
Hy C—C— of H, protons 
Hy ae 


’ 
' 
1 
1 
I 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 


Magnetic moments of H,, split 
the signal from H, into a 
1:3:3:1 quartet. 


’ 


Possible magnetic ee 
orientations of Hy, Se 
protons — > < 
Applied field, B, - 


Figure 4.24 Splitting pattern of a proton signal by the three adjacent equivalent protons 


The signal from two equivalent protons of the —CH,Br group of ethyl bromide (CH;CH,Br) 
appears as a 1:3:3:1 quartet because of this type of signal splitting. The three equivalent 
protons of the CH,— group are split into a 1:2:1 triplet by the two protons of the —CH,Br 
group. The NMR spectrum of this compound is given below (Figure 4.25): 


a. 9 &¢ -h -6 7 18 OG a07 


(b) (a) 
CH3,—CH5—Br 
Ethyl bromide (b) | 1:2:1 
61.8 triplet 


(a) TMS 


1:3:3:1 
quartet 
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Figure 4.25 NMR spectrum of ethyl bromide 


From the analysis above it is clear that if there are n equivalent protons on adjacent atoms 
these will split a signal into n + 1 peaks. This is what is called the n + 1 rule. 
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In all of the NMR spectra that we have considered so far, our attention has been restricted 
to signal splitting arising from interactions of only two sets of equivalent protons on 
adjacent atoms. What kind of patterns should we expect from compounds in which more 
than two sets of equivalent protons interact? This may be well illustrated by the following 
examples. Let us consider 1-nitropropane (CH2—CH?—CH$—NO,). The methy] protons 
are spin-spin coupled only to the two protons of the —CHt— group. Therefore, the methyl 
protons appear as a triplet. The —CH,NO, protons are coupled only to the two protons of 
the —CH>— group and therefore, they appear as a triplet. Although the vicinal hydrogens 
of the =—CHE— group are different and have different chemical shifts, they are combined 
to give n because J), = J},. For this reason, H, appears as a sextet (5 + 1 = 6). This becomes 
clear from Figure 4.26: 


2.93 4 5 6 7 8 9 107% 


(a) (b) (ce) 
CH;—CH,—CH,-NO, (©) 
1-Nitropropane 


TMS 
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Figure 4.26 NMR spectrum of 1-nitropropane 


When, however, the coupling constants are different, the vicinal hydrogens cannot be 
added and each kind of vicinal hydrogens couples independently with the hydrogen in 
question. Therefore, in (CH2),CH°CH°CICH“Cl, (1,1,2-trichloro-3-methylbutane), the 
splitting of the signal for the H* proton occurs by the H? and H* protons and results in 
formation of a doublet of doublets (Figure 4.27). 

H° 


Signal for the H° proton 
if there were no splitting 


- iS Splitting by the H® proton 


a , | Jed Splitting by the H* proton 


a doublet of 
doublets 


Figure 4.27 A splitting diagram for a doublet of doublets. The diagram starts with J,,, because J, > Jog 
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Some commonly encountered spin-spin splitting patterns are given in Table 4.10. 


Table 4.10 Examples of commonly observed splitting patterns 


Compound Splitting patterns 
Br I 1H 
= | | 
1. | Br-C—C—1 <a 
H H Two doublets of equal intensity 


ae cl 
2. | Br—CH,—CH,—Cl ——— 


Two triplets of equal intensity 


cae | a | oem 
3. | Br,CH—CH,Br eS 


A triplet and a doublet 


hi 
4. | Cl,CHCH, a 


A quartet and doublet 


5. | CICH,CH, <a pit | eT 


A quartet and a triplet 


ae iH] 


6. | CICH,CHBrCH,Cl — 


a doublet and a quintet 


(Ta <a 


ie | CE CHOI ———> A septet and a doublet 
Downfield Upfield 
high v low v 


Relative intensities of peaks in a multiplet: The relative intensities of the peaks of 
a multiplet depends on n, the number of neighbouring equivalently coupled protons. We 
have seen that doublet (n = 1) peaks are in the ratio 1:1, triplet peaks are in the ratio 
1:2:1, and quartets are in the ratio 1:3:3:1. Therefore, the relative intensities of peaks 


4.130 Organic Chemistry: A Modern Approach 


within a multiplet may be given by coefficients of the binomial expression (a + b)”. When 
this expression is expanded to the desired value of n, the coefficients give the relative 
intensities. For example, when n = 2, (a + b)? =a? + 2ab + b”, the signal would be a triplet 
with intensities of lines, 1:2:1. Similarly, when n = 3, (a + b)? = a® + 3a7b + 3ab? + b°, the 
signal would be a quartet and the intensities of lines are 1:3:3:1. The multiplicity and 
relative intensities may be easily obtained from Pascal’s triangle. Each number between 
the terminal 1’s of a multiplet is obtained by adding the pair of numbers directly above in 
the preceding multiplet. See examples shown with dashed lines. 


n (Number of equivalent Multiplicity of observed Relative intensity and line 


protons responsible for signals distribution within the multiplet 
splitting) 
0 Singlet 1 
1 Doublet 1. il 
2 Triplet a eae | 
3 Quartet 1:3:3:1 
4 Quintet daw’ > 6242 7 
5 Sextet 1:5 :10:10: 5:1 


4.4.11 Coupling Constant 


It must be remembered that all these spin-spin splitting are reciprocal. In the NMR 
spectrum of 1,1,2-tribromoethane (Br,CHCH,Br), for example, the single proton appears 
as a triplet, the two protons appear as a doublet, and the separation between the three 
peaks of triplet is exactly the same as the separation of the two peaks of the doublet. 


The distance between peaks in a multiplet is a measure of the effectiveness of spin- 
spin coupling, and is called the coupling constant, J. The value of the coupling constant 
(measured in Hz) remains the same, whatever the applied magnetic field (that is, whatever 
the radio frequency used). In this respect, spin-spin splitting differs from chemical shift, 
and when necessary, the two can be distinguished by running the spectrum at a different 
radio frequency. The value of chemical shifts in Hz will change, whereas peak separations 
due to splitting remain constant. (When divided by the radio frequency and thus converted 
into ppm, the numerical value of the chemical shift would of course, remain constant.) 


Coupling constant depends markedly on the structural relationships between the coupled 
protons. The number of bonds intervening between the coupling nuclei is important 
because the coupling is transmitted via the electrons of these bonds. It is a convenient 
notation to indicate this number as a superscript to the symbol J. Therefore, direct 
coupling (e.g., coupling of a proton with an attached carbon-13 nucleus, 123C—'H) would be 
a one-bond coupling, '.J; the coupling between the two protons on a —CH,— group would 
be symbolized by *J; that between protons on adjacent carbon as *J, and so on. 

1. Geminal coupling: In alkanes and other molecules with relatively free rotation about 


C—C o bonds, H atoms bonded to the same C atom in —CH,— and —CHs groups are 
generally equivalent because of the rapid bond rotation. An exception is when a —CH,— 
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is adjacent to a chirality centre. However, when there is restricted bond rotation, as in 
alkenes or cyclic structures, H atoms bonded to the same C atom may not be equivalent, 
especially if the molecule is not symmetrical. Nonequivalent protons on the same C atom 
will couple to each other and cause splitting. This is what is called geminal coupling. 
Geminal coupling constants (*J) involving protons on =CH, groups are generally small 
(in the order of 0 to 5 Hz). In 1-chloro-1-cyanoethene, for example, the two hydrogens 
being diastereotopic appear as a pair of doublets. The splitting in each doublet is 2 Hz. 


_Z, Doublet, *.J = 2 Hz 


N=c”% \H — Doublet, 27 = 2 Hz 


1-Chloro-1-cyanoethene 


However, geminal coupling, involving protons on —CH,.— groups, is strong, 2J being 
typically 10-18 Hz. 


Splitting due to geminal coupling is seen only when the two protons are diastereotopic. 


2. Vicinal coupling: It varies from °J = 0 to 3J = 12 Hz in regid systems, but in freely 
rotating carbon chains (alkyl groups) it is usually around 8 Hz. Coupling between protons 
on vicinal carbon atoms depends primarily on the dihedral angle @ between planes of 
two o C—H bonds. It is maximum if ¢ is 0° or 180° and zero or minimum when it is 90°. 
The relation between the coupling constant and dihedral angle between the two C—H 
bonds has been established theoretically and may be depicted in form of familiar Karplus 
Curve (Figure 4.28). 


HH : 
rant = H ¢ = 
104 Cal 110 J = 9-12 Hz 
J=8-11Hz ( = 180°) 
(@ = 0°) 8} @ = dihedral 18 H 
+ 6 1 6 
H 
J(Hz) 4: I 4 
: H J = 2-2.5 Hz 
2) ; 2 ( = 60°) 
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@ (in degrees) —> 
Figure 4.28 Karplus curve 
The variation of coupling constant as a function of dihedral angle, ¢, may be explained 


on the basis of interaction between the vicinal C—H orbitals. Strong interaction between 
Oc_y orbital in vicinal position is expected when the dihedral angle, ¢ = 0°, whereas there 
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is no interaction when the d6¢_y orbitals are orthogonally oriented (@ = 90°). When @ = 
180°, much stronger interaction is expected between one o¢_y orbital with one o*¢_y 
orbital. 

3. Long-range coupling: Since the coupling information is relayed through the intervening 
covalent bonds, the magnitude of J diminishes rapidly with increase in the number of 
intervening bonds and it is almost negligible if more than three bonds intervene between the 
coupling protons. Therefore, °J is observed but *J is not (actually it is vanishingly small). 
Long-range coupling (*J) is observed within rigid systems in which the four o-bonds are 
oriented in the form of W. The W effect is well illustrated by the following compounds: 


H H H 
cb ? 
X 
H 
H H 
4J = 7 Hz 4J = 3 Hz 4J =1Hz 


4. Trans and cis coupling: Trans coupling in alkene system (J = 11-19 Hz) is stronger 
than cis coupling (J = 5-14 Hz). Typical values are 16 and 8 Hz, respectively. 


eae Need 
a, 7%, 
: H 
cls trans 
J = 5-14 Hz J = 11-19 Hz 


[In trans alkenes (@ = 180°), there occurs strong interaction between one 0¢_} orbital 
and the other Cag orbital, and so, the coupling is relatively large.] 
5. Aromatic coupling: It depends on whether the coupling protons are ortho, meta or para 
to each other, and in simple cases the orientations can be decided by coupling content 


values (J,4h9 = 7-10 Hz, “Smeg = 2-8 Hz and °F ,arq = 0-1 Hz). 
Some other important coupling constant values: 
H 
Nea N\A ab 
er a Oe ee. 
A \ : L \ ; 
H,. Hy, 
3J = 4-10 Hz 4J 4, = 0-2 Hz J, = 8-11 Hz 
(allylic coupling) 
H, H, 
i ee, 
\ / C= CY H H ne 
J& =CL ’ b b 
a Hy, 
Jab = 10-13 Hz J ab = 10-13 Hz J ab = 2-5 Hz J ab = 2-5 Hz 


(axial—axial) (axial-equatorial) (equatorial—equatorial) 
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4.4.12 Chemical Shift Equivalence and Magnetic Equivalence 


The NMR equivalence or nonequivalence, i.e., magnetic equivalence or nonequivalence of 
various protons is reflected by two NMR parameters: chemical shift and coupling constant. 
In order for two protons to be identical in the NMR, 1.e., to magnetically equivalent they 
must (a) have the same chemical shift and (b) be spin-coupled equally to all other nuclei 
within the molecule. Only chemical shift equivalent protons may be coupling constant 
equivalent, 1.e., the test for magnetic equivalence is valid only when two protons are 
chemical shift equivalent. Chemical shift nonequivalent diastereotopic protons always 
exhibit coupling constant nonequivalence, i.e., diastereotopic protons are magnetically 
nonequivalent. For example, in the following compound, H, and Hy, will couple to Hg. 
However, the coupling between H, and H3; (J, 3) will not be identical to the coupling 
between H, and H; (J, 3) and as a result, each of these protons will split H; differently. 
Since H, and H, are coupled differently to a third proton (H;), they are coupling constant 
nonequivalent. Since they are diastereotopic, they are chemical shift non-equivalent. 


ae 
i ob ae (J13 #Jo3) 
Z Hp 


The boldface protons in the following compounds are also chemical shift as well as coupling 


constant nonequivalent. 
VW C=C 
Cl H Br* «(NN 


(Hp is the reference proton to which the other two are coupled unequally.) 


The six methyl protons in isopropyl bromide or 2-bromopropane (CH,CHBrCH3) are 
both chemical shift as well as coupling constant equivalent. All the six protons of the 
two methyl groups are chemically equivalent. Therefore, they have the same chemical 
shifts. Assuming no rotation about the C—C bond, each of these three methyl hydrogens 
(H, H’ and H”) is in a different molecular environment and for one methyl group NMR 
will show the presence of three different hydrogens. However, this is not the case. Due 
to rapid rotation, the NMR spectrometer records an average environment for all the six 
hydrogens which display the same chemical shift and all of them give one signal that split 
into a doublet by the proton on the carbon bearing bromine. Again, if it is assumed that 
there occurs no rotation around the C—C bond, coupling, e.g., of H’ with H and H” with H 
would be different (different dihedral angles). Then it can be said that the protons H’ and 
H” are chemically equivalent but magnetically nonequivalent. However, again due to fast 
rotation the methyl protons have equal coupling to the proton on carbon bearing bromine 
on average and become magnetically equivalent. 
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Br Br Br 
(CH3)2 CH—Br - _ = . —* . i 
Isopropyl bromide H CH; CH; H CH3 
H’ 


Stable conformations of isopropyl bromide 


In a monosubstituted benzene, C,H;—R, the protons that are adjacent to R, i.e., the 
ortho protons (H, and H,’ are in the same environment and therefore, they have the same 
chemical shift. However, they are disposed differently relative to a meta proton, say H,, 
and are, therefore, coupling constant nonequivalent. Thus, it is possible to have protons 
that are chemical shift equivalent but coupling constant nonequivalent. This situation 
leads to more spin-spin splitting than would have been imagined had only chemical shift 
equivalence been considered. 


R 
Hs He, (H, and H,, have the same chemical 
H H.. _ shift but different coupling constant.) 
Hp 


(A monosubstituted benzene) 


Also, in a p-disubstituted benzene, e.g., p-chloronitrobenzene, the protons ortho to the 
nitro group (H, and H,,) are chemical shift equivalent to each other and the protons ortho 
to chlorine (H,, and H,,) are also chemical shift equivalent to each other. 


Cl 
Hx Hy 


Hx Hy 
NO, 


p-Chloronitrobenzene 


In general, for p-disubstituted benzene rings, Jax and J, are the same, approximately 
7-10 Hz; Jax and Jay are also the same but much smaller, approximately 0-1 Hz. 
Since H, and H,’ couple differently to another specific proton (i.e., Hy or Hy), they are 
not magnetic equivalent and first-order rules do not apply. Similarly, Hy is not magnetic 
equivalent to Hy. The system is described as AA’XX’ and the spectrum is very complex. 
Fortunately, the pattern is readily recognized because of its symmetry and apparent 
simplicity. 

Aromatic protons of symmetrically ortho-substituted benzenes also give AA’BB’ spectra. 
An example is o-dichlorobenzene. 


Chemical shift equivalent protons exhibiting coupling constant nonequivalence receive 
identical letter designations, since the letter refers only to chemical shift. However, to 
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distinguish coupling constant nonequivalence, the letter is ‘primed’. This is illustrated 
below for the AA’BB’ and AA’XX’ systems. [When the methylene protons adjacent to 
a chiral centre have only slightly different chemical shifts, they are represented as an 
AB system and not as an AX system. However, when the difference in chemical shift is 
considerable, it represents an AX system.] 


P Ha Hy P Ha~ ~Hy Haw UFx Fx~ Ha 
el? Me slic, C C C 
a a ih ! ; Il (cis) ; ll (trans) 
R Hp, Hp R Fy “Fy He “Fy Hg “Fy 
I II Il IV 
AA’BP’ spin system AA’XX’ spin systems 


In I, Hy and H,, have identical chemical shifts but couple differently to Hp (or Hp,), while 
Hp and Hp have identical chemical shifts but couple differently to H, (or Hy,). In II, II 
and IV, H, and Hy, have identical chemical shifts but couple differently to either flurine 
(Fy or Fy). ({H and ‘°F do split one another in the same way that 'H and 'H split one 
another, except that J is larger for the former coupling.] 

Compounds which have identical p-substituents, e.g., p-dichlorobenzene, display single 
line spectra. Due to molecular symmetry all the four ring protons are chemical shift 
equivalent. Also, they are magnetically equivalent. 


Cl 


Cl 
p-Dichlorobenzene 


In 1-bromo-2-chloroethane, the two protons H, and Hy, (or H, and H,) are coupling constant 
nonequivalent but chemical shift equivalent. 


Br 180° 
Bry Cl Hy aN. H The most stable 
oie a ; 60° ° _— anti-staggered 
Aa"'7 N” Ae H H conformation 
H, Ha a b 
Cl 


1-Bromo-2-chloroethane 


This is due to the fact that coupling constant depends on the dihedral angle between the 
two vicinal protons. The most stable conformation of this compound is the anti-staggered 
conformation as shown above. The dihedral angle between H, and H, is 60° and that 
between H,, and H, is 180° and so J for the latter is larger than for the former (J is largest 


4.136 Organic Chemistry: A Modern Approach 


when the angle is 0° or 180° and very small or zero when the angle is 90°). Hence, H, and 
H, are coupling constant nonequivalent, i.e., they are magnetically nonequivalent. 


4.4.13 Deuterium Exchange Reactions 


It has been found that if a few drops of deuterium oxide (D,O) are added in the sample, 
D.O exchanges with the abile protons such as —OH, —NH., —SH and also with the 
reactive methylene protons flanked by the two carbonyl groups (e.g., CH,;COCH,COCHsS). 
The mechanism involves the same course as is seen in proton exchange reactions. 


When a little D,O is added to ROH, then due to rapid exchange, ROH becomes ROD. 


Seen in 'H-NMR Not seen in ‘H-NMR 
ZO 
R—O—H + D—O—D == R—O—D + D—O—H 


Thus, the signal for OH proton normally observed in ROH will be missing in the NMR 
spectrum (because deuterium does not resonate under the conditions used for hydrogen) 
and instead, a signal for proton in H—OD will appear. Similarly, if a little D,O is added 
to RCOOH, then due to rapid exchange, it becomes RCOOD. 


RCOOH + D,O = RCOOD + HOD 


Clearly, the signal for the proton in RCOOH (6 10.5-12) will disappear and a signal for 
the proton corresponding H—OD will appear instead. This technique which is usually 
employed for detecting the presence of groups like —OH, —NH,, etc. is called deuteration. 


4.4.14 Interpretation of NMR Spectra of Some Representative Compounds 


NMR spectrum of a compound provides some important information about its molecular 
structure. The position of signals, i.e., the chemical shift values tell us about the 
electronic environment of each kind of proton. The number of signals tells us how 
many kinds of protons in different chemical environments are present in the molecule. 
The intensities of different signals tell us about the relative number of protons of 
different kinds, the multiplicity of signal tells us the number of protons bonded to 
adjacent carbons, and the coupling constants (J) identify the coupled protons. Using 
these informations we can predict the structure of a compound. 


1. NMR spectrum of ethyl alcohol (CH,;CH,OH) 
CH;—CH,—OH 


61.17) |63.62] [65.28 


In the NMR spectrum of pure ethanol, three signals appear at 61.17 (as a triplet), 63.62 (as 
a multiplet) and 65.28 (as a triplet) respectively. From the heights of the integration lines 
it becomes clear that the ratio of the number of protons is 3:2:1. The signal at 65.28 is due 
to the OH proton, the proton attached to the highly electronegative oxygen atom. The signal 
is split into a triplet (J = 6Hz) due to spin-spin coupling with the two methylene (—CH,.—) 


a LL oh acts s ac AE a ee cece ee a EE ATT ERO Ee Ua NTE TOTO RTRTE REO TOOT EN ITE TINT ORE) 
protons. The signal at 61.17 is due to three methyl] protons. The signal is split into a triplet 
(J = 8 Hz) because of spin-spin coupling with the adjacent methyl (—CH,—) protons. The 
signal at 6 3.62 is due to the methylene (—CH,—) protons. Since the methylene carbon 
is attached to the electronegative oxygen atom, these two protons appear at somewhat 
downfield compared to methyl protons. The signal appears as a multiplet because of spin- 
spin coupling of these two protons with both the CH; protons and the OH proton. Due 
to coupling with methyl proton, a quartet (J = 8Hz) is formed first and then each of the 
four peaks are split into a doublet (J = 6 Hz) due to coupling with the OH proton and this 
results in formation of an octet. 


If ethanol contains some impurity (acidic or basic), the CH, protons appear as a triplet 
(61.17), CH, protons appear as a quartet (o 3.62) and the OH proton appears as a singlet (6 
5.30). In the presence of impurities, the OH proton undergoes rapid chemical exchange 
(i.e., the molecules exchange their OH proton rapidly) which causes spin decoupling. 
This matter is already discussed in article no. 4.4.8. 
When the spectrum of ethanol is taken by adding a little D,O into it, the signal due to 
OH proton disappears because H is displaced by D, which does not resonate under the 
conditions used for hydrogen. 

C,H;OH + D,O = C,H;OD + HOD 
The NMR spectrums of pure ethanol (Figure 4.29), impure ethanol (Figure 4.30) and after 
D,O exchange (Figure 4.31) are given below: 


2 38 A 5 6 7 


Co- 
© 
e 
oO 
a 


Pure ethanol (CH,CH,OH) 


53.62 —CH3; 
65.28 —CHs— 


Figure 4.29 NMR spectrum of pure ethanol 
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Impure ethanol (containing 1% HCOOH) 


—CH, 
—CH; 
TMS 


5 4. 8 2 10 d(ppm) 


co 
I 
for) 


Figure 4.30 NMR spectrum of impure ethanol 


2 3 4 5 6 7 8 9 107 
Ethanol after D,O exchange (CH3;CH,OD) 


cu, CEs 


TMS 


No signal 
for OD 


8 7 6 5 4 3 2 1 0 (ppm) 


Figure 4.31 NMR spectrum of ethanol after D,O exchange 


2. NMR spectrum of 2-chloropropanoic acid (CH,CHCICO,H) 


CH,—CHCI—CO,H 

61.8 64.50 613.0 
In the NMR spectrum of 2-chloropropanoic acid, three signals appear at 6 13.0 (as a 
singlet), 64.50 (as a quartet) and 61.80 (as a doublet) respectively. From the heights of 
the integration lines it becomes evident that the ratio of the number of protons is 1:1:8. 
The signal at 613.0 (much downfield) is due to the COOH proton. The signal appearing 


Fe ALL alas aoc) eC ae eT EE TCE TENE ENTER SeTOOT OE METEOR TT OME 
at 64.50 is due to the proton at C-2. It appears somewhat downfield because the carbon 
is attached to an electronegative Cl atom and an electron-attracting —COOH group. The 
signal is split into a quartet because of spin-spin splitting with the three methyl] protons. 
The signal appearing at 61.80 is due to the three methyl] protons; it is split into a doublet 
because of spin-spin coupling with the C-2 proton. 


When the spectrum is taken in the presence of D,O, the signal at 613.0 disappears because 
of displacement of —COOH proton by D. 


CH;CHCICOOH + D,O = CH;CHCICOOD + HOD 
3. NMR spectrum of p-nitroanisole (p-MeOC,H,NO,) 


67.20 58.20 
H H 


cH,0-~O >No, 


64.0 
H H 
57.20 6 8.20 


In the NMR spectrum of p-nitroanisole, three signals appear at 6 4.0 (as a singlet), 
67.20 (as a doublet) and 68.20 (as a doublet), respectively, and the ratio of the number of 
protons at these positions is 3:2:2. The signal at 64.0 is due to the three —OCHs protons. 
The signal remains unsplit due to lack of required proton. The signal at 6 7.20 is due to 
two ring protons ortho to the electron-donating (+R) methoxy group (somewhat upfield 
compared to benzene protons). The signal is split into a doublet (J = 10 Hz) since these 
protons undergo spin-spin coupling with the protons ortho to the —NO, group. The signal 
at 68.20 is due to the two ring protons ortho to the electron-withdrawing (by —I and —R 
effects) —NO, group. This signal is also split into a doublet (J = 10 Hz) due to spin-spin 
coupling with protons ortho to the —OCHg group. 


Although the protons ortho to —NO, (or —OCH3) group are chemically equivalent, they are 
not magnetically equivalent and for this reason, a closer look shows many small splitting. 


4. NMR spectrum of m-dinitrobenzene (m-O,NC,H,NO,) 


In the NMR spectrum of m-dinitrobenzene, three signals appear at 6 9.1 (as a triplet), 
6 7.87 (as a triplet) and 6 8.62 (as a double doublet, i.e., quartet) and the proton ratio 
is 1:1:2. The much downfield signal at 69.10 is due to the H, proton which is strongly 
deshielded by the two strong electron-withdrawing —NO, groups. The signal is split into 
a triplet due to spin-spin coupling with the Hj, protons (small meta coupling). The signal 
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at 67.87 is due to the H, proton which is split into a triplet by the two H, protons (large 
ortho coupling; para coupling is less important). The signal at 6 8.62 is due to the two H, 
protons. The signal is split by the H, proton (large ortho coupling) and by the H, proton 
(small meta coupling) and appears as a double doublet, i.e., quartet. 


5. NMR spectrum of benzaldehyde (C,H;CHO) 


=H Ho 
57.30-7.50 HL >-069 9.87|57.70-7.90 
Sos oe 


Benzaldehyde 


A look at the NMR spectum of benzaldehyde reveals the following three signals: (i) a 3H 
multiplet from 67.30 to 7.50, (ii) a 2 H multiplet from 67.70 to 7.90 and (iii) a 1H singlet 
at 69.87. The 3 H multiplet from 67.30 to 7.50 is due to the two meta and one para proton 
of the ring. The 2 H multiplet from 67.70 to 7.90 is due to the two ortho protons of the ring. 
The much downfield shift of these two protons is attributed to the anisotropic effect of the 
carbonyl group in addition to the electron-withdrawing —I and —R effect of the —CHO 
group. The 1 H singlet at 6 9.87 is due to the typical aldehydic proton. 


4.4.15 Applications of NMR Spectroscopy 


Out of various spectroscopic techniques, the NMR spectroscopy is the most important one. 
Some of the applications of this very much popular technique are given below: 


1. Determination of structure: The following different features of NMR spectrum provide 
a detailed information about the structure of an unknown compound: (i) the chemical shift 
values, (ii) the number of signals, (iii) characteristic pattern of splitting (d, t, q, etc.), 
(iv) coupling constant values and (v) integral ratios. For example, a 3H, t and a two H, q 
(J = 7.0 Hz in each case) clearly establishes the presence of ethyl group (CH,;,CH,—) in the 
molecule. Some other techniques like deuterium labelling, double resonance, etc. are also 
much useful in elucidating the structure of organic compounds. 

2. Distinction between geometric or cis-trans isomers: The cis- and trans-isomers 
of a compound can be easily distinguished by the values of the coupling constant which is 
7-11 Hz in the case of cis- protons and 13-18 Hz in the case of trans-protons. 


ce = 7-11 Hay C J = 13-18 Hz 
H H H 
Oe A Pe ae 
Dn foe 
cis trans 


3. Distinction between inter- and intramolecular hydrogen bonding: The H atom 
involved in H-bonding is deshielded because of attraction of electrons around this hydrogen 
by the electronegative O or N atom of other molecule. The extent of deshielding depends 
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upon the strength of H-bond which in turn depends upon the concentration, temperance 
and nature of the solvent. Intramolecular hydrogen bonding also shifts the absorption 
downfield. The two types of H-bonding can be distinguished as the intramolecular 
H-bonding is not concentration dependent. 


4, Identification of reaction products: The NMR spectroscopy can be used to identify 
the actual product in a reaction in which two or more products are possible. For example, 
either of the products I or II can be obtained in the following addition reaction: 


CH,;CH=CH, 425 CH,CH,CH,Br + CH;,CHBrCH; 
I II 
The spectrum of I would show three signals, whereas that of II would show two signals. 


The spectrum of the product is found to be identical with that of II. Therefore, the product 
is CH;CHBrCHs (obtained according to the Markownikoff’s rule). 


5. Quantitative analysis (determination of relative amounts of tautomers): 
The percentages of keto and enol forms in an equilibrium mixture can be determined 
quantitatively by using NMR spectroscopy. For example, the NMR spectra of acetylacetone 
(a (B-diketone) exhibits distinct signals due to —CH,— protons of the keto form and 
—CH= proton of the enol form. The percentages of these two forms can be easily 
calculated by comparing the areas under these signals (integral areas). The spectrum of 
acetylacetone reveals that the signal due to —CH,— protons of the keto form appearing 
at 6 3.57 shows the integral area of 1.33 divisions and that due to —CH= proton of 
the enol form appearing at 65.50 shows the integral area of 2.66 divisions. Hence, the 
integral area of two enolic protons = 2 x 2.66 = 5.32 divisions and the total integral area of 
—CH,— protons = 1.33 + 5.32 = 6.65 divisions. Hence, the equilibrium mixture contains 
1.33 5.382 


— x 100 or 20% keto form and —— x 100 or 80% enol form. 
6.65 6.65 


Po SOLVED PROBLEMS PT 


1. What property must a nucleus have to exhibit nuclear magnetic resonance, 
i.e., to be NMR active? 


Solution Any atomic nucleus that has an odd mass number, an odd atomic number, or 
both (or simply if the nucleus have an odd number of protons and/or neutrons) exhibits 
nuclear magnetic resonance, and it is said to be NMR active. 

2. Which of the following atoms are not NMR active? 


ISN, BC. 325 31p, eC. ip 2H, aN, id OF 169 
Solution Inactive atoms have even number of protons and neutrons. These atoms are, 
therefore, 17C(6p, 6n), °O (8p, 8n) and °S (16p, 167) 
3. All hydrogens in a molecule do not undergo spin-flip at the same applied 
magnetic field at constant frequency—Why? 


Ce ce ete tine eas enc cone teastae eee seta eases vo teenie naneennaietas Cgane shes,» Medi ennede 
Solution At the fixed radio frequency of the NMR spectrometer, all hydrogens require 
the same field strength to spin-flip. However, the magnetic field ‘felt’ by a proton is not 
necessarily only that which is applied by the magnet, because the electrons in the bond to 
the H atom and those in nearby z bonds induce their own magnetic fields. This induced 
field partially shields the proton from the applied field By and so, the applied field must 
then be increased. The larger the shielding effect, the greater must be the applied field 
for resonance to occur. As shielding decreases, the applied field required for resonance to 
occur decreases. When the induced field actually deshields the proton, a smaller applied 
field is required for spin-flip. In this situation, the effective field is actually the some of 
the applied and induced fields. Therefore, the applied field decreases with increase in the 
magnitude of the induced field. 
4, The OH signal is shown in an NMR spectrum at 144 Hz higher frequency 
(downfield) than TMS. Calculate the chemical shift in terms of 6. (The 
TMS frequency is 60 MHz.) 


‘ 144H 
Solution 6 an MES ppm = 2.40 ppm 


5. What is the chemical shift position (in 6 units) for the CH, and ring 
protons of benzyl alcohol (PhCH,OH) in a spectrum recorded on a 100 
MHz instrument? 
Solution 


H H 


67.3 H CH,—OH 
(730 Hz) 
H’ oH 
54.6 (460 Hz) 


6. How many hertz does 1 ppm (one unit on the scale) correspond to on 
an instrument recording proton signal at (a) 60 MHz, (b) 250 MHz and 
(c) 300 MHz? 


Solution (a) 60 Hz; (b) 250 Hz and (c) 300 Hz 
7. What do you mean by the terms (a) downfield and (b) upfield used in NMR 
spectra? 


Solution To generate an NMR spectrum, the magnetic field strength, Bp, is increased 
from left to right. (a) The less shielded and the more deshielded proton signals appear 
downfield at the lower field, which is the left hand side of the spectrum. (b) The more 
shielded proton signals appear upfield at the higher field, which is the right-hand side of 
the spectrum. 
8. Explain why TMS (Me,Si) is used as internal standard in NMR spectral 
studies. 


Solution TMS (tetramethylsilane) is relatively inert and has no polar group. It is highly 
volatile (b.p. 25.5°C). So it can be easily removed after use, making the recovery of the 


races tics cease eee adc eee dioennouasniee 
sample easy. It is miscible with almost all of the organic solvents and does not form any 
complex with them. It contains only one type of protons and so, it gives only one sharp 
peak. Also, the signal due to TMS protons appears outside the normal range of protons of 
most of the organic compounds. Therefore, TMS fulfils all the requirements for a good in- 
ternal standard and for this reason, it is generally used as an internal standard for NMR 
studies. 

9. How many NMR signals are expected to be found in the NMR spectrum of 

the following compounds? 


(a) CH,CH,CH,OH (b) (CH,;),CHOCH(CH;), 
(c) CH,;COCH,CH; (d) C,H;CH, 
(e) (CH,;).C=(CHy), (f) CH,CH,CH,OCH,CH,CH, 


Solution (a) 4 (four types of protons); (b) 2 (two types of protons); (c) 3 (three types of pro- 
tons); (d) 2 (two types of protons; in fact the aromatic protons are of three types and for 
this, in high resolution instruments, the five protons show a complex pattern showing up 
as a multiplet); (e) 1 (one type of proton); (f) 3 (three types of protons); (g) 4 (four types of 
H,Cv2 1H : : 

protons: H o=CG). Protons at C-1 are diastereotopic and so, each of them produces 
a signal. 

10. How would you distinguish between the two compounds in each of the 

following pairs using NMR spectroscopy? 


(a) CH,CH=CH, and 


I Il 
(b) CH,COCH, and CH,CHO 
Il IV 
(c) CH,COOCH,CH, and CH,CH,COOCH, 
V VI 
(d) HCOOCH, and CH,COOH 
VII VIII 
(e) CH,C=CH and CH,=C=CH, 
Ix x 
(f) CH,CH,C=CH and CH,C=CCH, 
XI XII 


Solution 
(a) These two can be differentiated by the number of signals. The compound I produces 
3 signals, whereas the compound II produces only one signal. 
(b) III > 1 signal; IV = 2 signals. 
(c) These two can be differentiated by the positions of 3H singlet. In V the signal 
appears at 6 ~ 2.10 and in VI it will appear at 6 ~ 3.5 (the —CHz group is directly 
attached to the electronegative oxygen atom). 


Fe ie ease lod eu dic eicpaetin antoe ees et aa desea dae donaer maint ts Oganenenisiy. a Med iennede 
(d) These two can be differentiated by the positions of 3 H singlet and 1 H singlet. 3 
H singlet appears in VII at 6 ~ 2.10 and in VIII, at 6 ~ 3.5. 1 H singlet appears in 
VII, at 6 ~ 9.0 (—CHO) and in VIII, at 6> 11. This signal in VIII disappears in the 
presence of D,O due to exchange with D. 
(e) IX => 2 signals; X > 1 signal. 
(f) XI => 3 signals; XII = 1 signal. 
11. The following compounds exhibit only one NMR signal: 
(a) CH (b) C;Hy. (c) C,H,Cl, (d) CHig 
(e) C,H,Br, (f) C,H, (g) C,H,Cl, 
Suggest a structure for each of them 
Solution 


(a) 


: (b) (CH,),C; (c) CICH,CH,Cl; (d) (CH,);C—C(CHy)s; (e) CH,CBr,CH, 


(f) H,C=C=CH,; (g) CH;—CCl, 


12. How many signals would you expect to find in the ‘H-NMR spectrum of 
each of the following compounds? 
(a) 1-Bromobutane, (b) butane, (c) 1,4-dibromobutane (d) 2,2-dibromobutane, 
(e) 2,3,3,3-tetrabromobutane, (f) 1,1,4-tribromobutane. 
Solution 


4 3 2 1 
(a) 1-Bromobutane (CH,;C H,CH,CH,Br) 


(b) 


(c) 


(d) 


(e) 


The protons attached to C-1, C-2, C-3 and C-4 are chemical shift nonequivalent. 
Therefore, 4 signals are expected to be found in the NMR spectrum of 1-bromobutane. 


Butane (C HC HC HC Hs3) 

Protons at C-1 are chemical-shift equivalent to the protons at C-4. Similarly, the 
protons at C-2 are chemical shift equivalent to the protons at C-3. However, the six 
protons at C-1 and C-4 are chemical-shift nonequivalent to the four protons at C-2 
and C-8. Therefore, two signals are expected to be found in the NMR spectrum of 
butane. 


1 2 #38 4 
1,4-Dibromobutane (BrC H,C H,CH,C H,Br) 
The spectrum is similar to butane. 
4 38 2 1 
2,2-Dibromobutane (CH,CH,C Br,C Hs) 
The protons at C-1, C-3 and C-4 are not chemical-shift equivalent. Therefore, three 
signals are expected to be found in the NMR spectrum of 2,2-dibromobutane. 
1 2 3 1 

2,2,3,3-letrabromobutane (CH,CBr,C Br,C Hs) 
The protons at C-1 and C-4 are chemical-shift equivalent. Therefore, only one 
signal is expected to be found in the NMR spectrum of this compound. 

4 8 2 #1 
1,1,4-Tribromobutane (BrCH,CH,CH,C HBr,) 
Protons at C-1, C-2, C-3 and C-4 are chemical-shift nonequivalent. Therefore, four 
signals are expected to be found in the NMR spectrum of this compound. 
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13. Describe the appearance of the 'H NMR spectrum of each of the following 
compounds. How many signals would you expect to find, and into how 
many peaks will each signal be split? 

(a) CICH,OCH,CH, (b) CH,CH,OCH, 
(c) CH,CH,OCH,CH, (d) H;C,<O)>—G.H; 
Solution 


1 2 
(a) CICH,OCH,CH, 


(b) 


(c) 


(d) 


The protons at C-1, C-2 and of the chloromethyl group (—CH,Cl) are chemical- 
shift nonequivalent. Therefore, three signals are expected to be found in the NMR 
spectrum of this ether. The splitting pattern of the signals may be depicted as 
follows: 


CI—CH,—O—CH,—CH3 


SS 


split into a triplet 


Singlet: no vicinal 
proton and therefore 
no splitting 


split into a quartet 
by the three methyl 
protons 


by the two protons 
of the adjacent 


methylene group 


There signals, one each for the two methyl protons and one for the methylene 
protons, are expected to be found in the spectrum of this compound. The splitting 
pattern of the signals may be depicted as follows: 


Fe 


Split into a quartet Singlet; no splitting 
by the three methyl | | due to lack of vicinal 
protons protons 


Split into a 
triplet by the two 
methylene protons 


Since the six methyl protons are chemical-shift equivalent and the four methylene 
protons are also chemical-shift equivalent, two signals are expected to be found 
in the NMR spectrum of this ether. The splitting pattern of the signals may be 


depicted as follows: 


CH3—CH,—O—CH,—CH3 
Split into a triplet 


by the two methylene 
protons 


Split into a quartet 
by the three methyl 
protons 


Three signals, one for the six equivalent methyl protons, one for the four equivalent 
methylene protons and one for the four equivalent ring protons, are expected to be 
found in the spectrum of p-diethylbenzene. The splitting pattern of the signals may 
be depicted as follows: 
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Split into a triplet by 
; ; ie “H H the two methylene 
Singlet: no splitting 
due to lack of vicinal prupons 
: CH;CH, CH,—CH3 
nonequivalent proton \ 
\H___ OH, Split into a quartet 
by the three methyl 
protons 


14. Describe the splitting pattern expected for the protons at (a) C-2 in 
(Z)-1,3-dichloropropene and (b) C-2 in 2-bromopropanal. 
Solution 
(a) The signal of the proton at C-2 is split into a doublet by coupling with the proton 


(b) 


15. 


cis to it on the double bond and each line of this doublet is split into a triplet by the 
two protons of the —CH,Cl group, i.e., the signal appears as a triplet of doublets (a 
set of six peaks), i.e., a multiplet. 


This proton splits the Hv 2 H These protons split the 
signal for the proton -~— oe 3 4signal for the proton at 
at C—2 into a doublet Cl Cl )CHa2 C-2 into a triplet 


The signal of the proton at C-2 is split into a quartet by the three methyl protons 
and each line of this quartet is split into a doublet by the —CHO proton; the result 
is a eight-line signal or multiplet. 


Br 


These protons split i. | , HX This proton splits the signal 
the signal for the proton'—} 9,C—CH Cc for the proton at C-2 into a 
at C-2 into a quartet ag doublet 


Predict the number of signals in (a) _ 1,1,-dimethylcyclopropane, 
(b) trans-1,2-dimethylcyclopropane and (c) cis-1,2-dimethyl-cyclopropane. 


Solution 


(a) 


(b) 


(c) 


Two signals, one for the six equivalent methyl protons (H*), and one for the four 
equivalent ring protons (H°), are expected to be found in the NMR spectrum of 
1,1-dimethylcyclopropane. 

Three signals, one for the six equivalent methyl protons (H*), one for the two 
equivalent protons (H>) attached to the carbons bearing methyl and one for the 
two equivalent CH, protons (H°) are expected to be found in the NMR spectrum of 
trans-1,2-dimethylcyclopropane. In fact, the CH, protons (H°) are each cis to a CH; 
and trans to a CHs. 

In cis-1,2-dimethylcyclopropane, the two CH, protons (H° and H®°) are different 
(diastereotopic) since H° is cis to the methyls and H‘ is trans to methyls. Therefore, 
four signals, one for the six equivalent methyl protons (H*), one for the two 
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equivalent protons (H°) attached to the carbons bearing methyl, one for the H° 
proton and one for the H? proton, are expected to be found in its NMR spectrum. 


H> H° H!4 
HP a CH} H> CH} HP i" 
H> CH3 CH3 H> CH3 CH3 
1,1-Dimethylcyclopropane trans-1,2-Dimethy]l- cis-1,2-Dimethyl- 
(two signals) cyclopropane cyclopropane 
(three signals) (four signals) 


16. The NMR spectrum of dimethylformamide, HCON(CH3),, shows two 
signals for the methyl groups at room temperature but only one signal at 
165°C. Explain. 


Solution In dimethylformamide, the C—N bond acquires some double bond character due 
to resonance and this imposes some restriction on free rotation of the two methyl groups 
around the C—N bond. 


07 ~~ Ncx,(b) cane, «68% Noa) 


fast rotation 


At low temperature, i.e., at room temperature, the rotation of the —NMe, group around 
the C—N bond is slow and under such conditions the NMR senses one methyl group cis 
and one methyl group trans to the aldehydic hydrogen atom, i.e., the two methyl groups 
become nonequivalent (diastereotopic in nature) and for this, two signals are obtained 
for the two methyl groups. However, at 165°C, the rate of rotation of the —NMe, group 
around the C—N bond is relatively fast. The two methyl groups then become equivalent 
and the instrument then sees only the average environment of all the six protons. The 
result is the formation of only one signal for the two methyl groups. 

17. (a) Explain why cyclohexane has single sharp signal although it has 
conformationally different hydrogens. (b) Under what conditions might 
more than a single signal be observed for this compound? 

Solution 

(b) The equatorial and axial hydrogens of cyclohexane should each give different 
signals. However, the two chair conformers are interconverted so rapidly that NMR 
sees the average environment of all the protons and as a result, a single signal is 
obtained that has a chemical shift midway between the true chemical shift of the 
axial and the equatorial protons. 
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— Mx 


Equatorial 
Hy— Axi al 


(b) At sufficiently low temperatures, the interconversion of conformers becomes very 
slow, and in that case, signals for each conformationally different hydrogens are 
obtained. The intensities of these individual signals would correspond to the actual 
population of the conformer at the temperature attained. 

18. Explain why in a rigid cyclohexane system an equatorial proton is always 
found downfield (by about 60.5) than the axial proton on the same carbon. 


Solution In contrast with the striking anisotropic effects of circulating z-electrons, the o 
electrons of a C—C bond produce a relatively small effect. The axis of the C—C bond in 
cyclohexane, for example, is the axis of the deshielding cone. The axial and equatorial pro- 
tons on a carbon, e.g., C-1, are oriented similarly with respect to C-1—C-2 and C-1—C-6 
bonds, but the equatorial proton is within the deshielding cone (zone) of the C-2—C-3 bond 
(and C-5—C-6 bond). It is for this reason an equatorial proton in cyclohexane is always 
found a little downfield (~6 0.5) than the axial proton on the same carbon. 


Shielding zone => (+) 


Th ial 
Deshielding zone => (—) mediators? proton 


is in deshielding zone 


19. By NMR spectral analysis how would you distinguish between cis- and 
trans-stilbene? 


Solution 
) Y 
“ Yi Se 
\) (.) C= CY (e) C—=C MY 
\ 
G a 
A) wy TG ~~ ) 
cis-Stilbene trans-Stilbene 


6(H,) = 6.99 ppm 6 (H,) = 6.49 ppm 


LLL oi sch) OR a TE eT Ce ae TS nom THEN TT TSMR TN ate eT Se TOOT aren TIPTRT ON TTT TEIONE 50 
In trans-stilbene, both the chemically equivalent ethylenic protons (H,) are deshielded 
by both the benzene rings because both of them fall in the deshielding zone of each ring. 
However, in the cis-isomer, each of these protons (H,) is deshielded by only one adjacent 
ring. Because of this, in trans-stilbene, the protons (Hj) appear at somewhat downfield as 
compared to the protons (H,) of cis-stilbene. Therefore, these two isomeric stilbenes can be 
distinguished by comparing the chemical shift values of the ethylenic protons. 
20. Explain why the six inside protons of [18] annulene give NMR signal at 
much upfield (6= 1.9 ppm), whereas the twelve outside protons give signal 
at much downfield (6 = 8.8 ppm). 


Solution [18] Annulene is an aromatic compound [a (4n + 2)z system, where n = 4] and 
produces ring current in the presence of external magnetic field causing anisotropic effect. 
The protons on the outside of the ring fall in the deshielding region and appear at much 
downfield (6 = 8.8 ppm). On the other hand, the protons inside the ring fall in the shielding 
region and appear at much upfield (6 = —1.9 ppm, i.e., at a field higher than TMS). 

ee. eee 


L Twelve outer protons (Hj) 
fall in the deshielding 
region (6 = 8.8 ppm) 


Six inner protons (H,) 
fall in the shielding 
region (6 = —1.9 ppm) 


[18] Annulene (aromatic) 
fttt 
Bo 


21. In which of the following molecules does spin-spin coupling occur? Give 
the multiplicity of each kind of protons when splitting is observed. 


(a) BrCH,CH.Br (b) BrCH,CH,Cl (c) (CH3)sCCH,Cl 

(d) ie Ne (e) eG ® oy \H 
CH,CH3 

(g) 
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Solution Splitting does not take place in (a) or (d) because each one has only equivalent 
protons. Also, there is no splitting in (c) because it has no nonequivalent protons on adja- 
cent carbons. The protons of CH, in (b) are nonequivalent and each is split into a triplet 
(n = 2;2+1=8). The two protons in (e) are non-equivalent and each is split into a doublet. 
The vinylic protons in (f) are nonequivalent because one is cis to Br and other is cis to I 
(actually they are diastereotopic). Each is split into a doublet. The compound (g) gives a 
singlet for the four equivalent uncoupled ring protons, a quartet for the two equivalent 
CH, protons, coupled with CHs, and a triplet for the two equivalent CH, protons coupled 
with CHg. 

22. Predict the chemical shifts of axial and equatorial hydrogens in substituted 

cyclohexanes from the following observations: 


nH @ 
Me,C OCOCH; 


6 for the encircled H in trans-isomer = 4.14 ppm 
and 6 for the encircled H in cis-isomer = 4.54 ppm 


Solution The bulky tert-butyl group practically freezes the compound in that particu- 
lar conformation in which it occupies the equatorial position. Therefore, in the trans-1,4- 
isomer, the substituents are both equatorial and consequently, the encircled hydrogen is 
axial. In the cis-1,4-isomer the bulky tert-butyl group is equatorial, the —OCOCH, group 
is axial and so, the encircled hydrogen is equatorial. 


6=4.14 ppm OCOCH, 


Me,C OCOCH, Me,C 6= 4.54 ppm 


trans cls 


Hence, an equatorial hydrogen appears at more downfield than its axial counterpart. 
23. How would you distinguish between the following geometric isomers I 
and II using ‘H NMR spectroscopy? 


H2 CH; Cl CH; 
Domed pom ee 

Cl H> H? H> 
I (trans) II (cis) 


Solution For each of these two geometric isomers, the chemical shifts, relative intensities, 
and coupling patterns are the same. They differ only in J, value; it is much larger in I 
(the trans isomer) than in II (the cis isomer). Therefore, the two geometric isomers can be 
differentiated by their coupling constant values. 
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24. Compare the NMR spectra of CH,CH,Cl and CH,CHDCI. 


Solution Deuterium does not resonate (give signals) under the conditions used for H. 
Also, its coupling with an H is so weak that it merely broadens the H signal without split- 
ting it (splitting, however, observed at very high resolution). Therefore, CH,CHDCI has a 
doublet for the methyl hydrogens and typical downfield quartet for the single hydrogen. 
In CH,CH,Cl, the methyl hydrogens appear as a triplet and the methylene hydrogens ap- 
pear as a quartet. 

25. How would you verify that a particular signal arises from an H of the 

following groups: —OH, —NH, —SH? 


Solution The spectrum of the compound is first recorded. Then excess of D,O is added 
to the sample solution and the spectrum is recorded once again. The hydrogens in these 
groups are replaced by deuterium. For example: 

R—O—H + D,O0 = R—O—D + DOH 
Since deuterium does not resonate under the conditions used for hydrogen, the original 
peak for the —OH proton practically disappears in the spectrum rerun in D,O. A new 
signal for DOH appears. 

26. Comment on the splitting of (a) H and (b) F for 2,2-difluoropropane. 

Solution 

(a) Fluorine, like hydrogen, has half-spin (+1/2 and —1/2) nuclei and therefore, it splits 
the peak of a vicinal hydrogen according to the n + 1 rule. In CH,CF,CHs, the two 
fluorine atoms split the six equivalent methyl hydrogens into a 1:2:1 triplet. 

(b) The NMR spectrum of the NMR active fluorine can be obtained with the aid of a 
special probe using a different frequency than used for hydrogen. The six adjacent 
methyl hydrogens split the signal produced by F into a septet. 

27. Methanol shows two singlets in carbon tetrachloride but a doublet and a 
quartet in DMSO-d,. Explain these observations. 


Solution Hydrogens involved in intra- or intermolecular H-bonding move back and forth 
from one OH to another so rapidly that they cannot couple with vicinal hydrogens. Be- 
cause of intermolecular H-bonding, this situation occurs in carbon tetrachloride and as a 
consequence, coupling does not take place. Each kind of hydrogen appears as a singlet. 
However, in DMSO-d, [(CD3),S=O], H-bonding occurs with the solvent and the hydrogen 
stays on the oxygen of OH. Because of this, the typical coupling pattern (3-H doublet and 
1-H quartet) is observed. 
28. What do you mean by magnetically non-equivalent protons? 


Solution Chemically equivalent protons having different coupling constant to every other 
nucleus in the molecule are known as magnetically non-equivalent protons. 
29. Aldehydic proton (—CHO) appears much downfield in the PMR spectrum— 
why? 
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Solution The aldehydic proton is strongly deshielded (6 9-10 ppm) because it lies in the 
deshielding zone of the C=O group. 


30. 


Assign the structure for each of the following compounds from the given 

proton NMR spectral data. Values of 6 are in ppm and s = singlet, d = 

doublet, ¢ = triplet, m = multiplet, etc. 

(a) M.F.: C;H;Cl,; proton NMR: 6 2.20(3H, s); 4.02(2H, s). 

(b) M.F.: C,H,ClO; proton NMR: 6 2.0(2H, p); 2.8 (1H, s); 3.7(2H, t); 
3.8 (2H, t) 

(c) M.F.: C,jH,,; proton NMR: 6 1.30(9H, s); 7.30(5H, s) 

(d) M.F.: C,H,O; proton NMR: 6 1.07(3H, t); 2.12(3H, s); 2.50(2H, q). 

(e) M.F.: C,H,Br; proton NMR: 61.75 (6H, d); 4.30(1H, s). 

(f) M.F.: C,H,ON; proton NMR: 6 3.75(3H, s); 5.85(2H, s, broad); 6.35 
(2H, d, J = 9.0 Hz); 6.52 (2H, d, J = 9.0 Hz) 

(g) M.F.: CgH,.; proton NMR: 60.9 (3H, t); 1.6(3H, s); 1.7(3H, s); 2.0(2H, p); 
5.1(1H, t). 


Solution 


(a) 


(b) 


(c) 


(d) 


(e) 


(f) 


The 3-H singlet arises from a CH3; group with no vicinal hydrogen and 2-H singlet 
arises from a CH, group with no vicinal hydrogen. Each of them has only two 
vicinal chlorines. Therefore, the structure of the compound is CH,CCl,CH,.Cl. Due 
to the —I effect of the terminal Cl atom, the CH, protons appear at somewhat 
downfield (6 4.02) compared to the CH3 protons (6 2.20). 

The 1-H singlet at 6 2.8 indicates the OH proton. There are three CH, groups. 
The middle one shows a pentet (n = 4) because the two different flanking CH, 
groups have similar coupling constant (J) values. Therefore, the structure of the 
compound is CICH,CH,CH,OH. 

The appearance of a 5-H singlet in the aromatic region suggests that the compound 
is a monosubstituted benzene. The 9-H singlet indicates the presence of three 
methyls with no vicinal hydrogen, i1.e., a tert-butyl group. Therefore, the structure 
of the compound is CgH;C(CHs)s. 

Since the compound is an aliphatic one, the 2-H singlet at 6 2.12 indicates the 
presence of three acetyl protons (CH,CO—). A 3-H triplet at 61.07 and a 2-H 
quartet at 62.50 indicates the presence of an ethyl (—CH,CH;3) group. Hence, the 
structure of the compound is CH;COCH,CHs3. 

The 6-H doublet at 61.75 is due to six equivalent protons of two methyl groups 
which are coupled with one methaine proton (CH,—CH—CH,). The 1-H septet 
(multiplet) at 6 4.30 is due to the lone methine proton which is coupled with six 
protons of the two adjacent methyl groups. Hence, the structure of the compound 
is CH,CHBrCHg. 

The 3-H singlet at 63.75 is due to three equivalent methyl protons. The chemical 
shift is quite characteristic of a methoxy (—OCH,) group. The 2-H broad singlet 
at 6 5.85 is due to the presence of an —NH, group. The 2-H o-coupled doublet at 
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66.35 (J = 9.0 Hz) is due to the ring protons ortho to the —NHg, group. The other 
2-H o-coupled doublet at 66.52 (J = 9.0 Hz) is due to two ring protons ortho to the 


—OCH; group. Therefore, the structure of the compound is H,N—< C) >—OCHs. 
(g) The 1-H triplet at 6 = 5.1 indicates the presence of a vinylic proton which is split 
by a vicinal CH, group. The 3-H triplet at 60.9 indicates the presence of a CH,— 
group (a part of CH,CH,—group) and the 2-H pentet (instead of an octet) at 6 2.0 
is due to two —CH,— protons. One 3-H singlet at 61.7 and the other 3-H singlet 
at 61.6 are due to the =C(CHsg). group. One CHs is cis to the vinylic hydrogen and 
the other is trans to the vinylic hydrogen (diastereotopic). Therefore, the structure 
of the compound is CH,;CH,CH=C(CHs)o. 
31. Explain the following observations: 
(a) The two methyl groups of the bridge isopropyl group in {-pinene (I) 
absorb differently. 
(b) The methyl groups of 15,16-dihydro-15,16-dimethylpyrene (II) are 
found to absorb at 6-4.23. 
(c) In the following cyclophane compound (III) one of the two protons of 
the central CH, group appears at 6-1.4. 
(d) The bridge protons of 1,6-methano[10]Jannulene(IV) appears at 6-0.5. 


$£B@ ID 


Solution 
(a) Any group held above or below the plane of the double bond will experience a 
shielding effect, since in these areas the induced field opposes Bp. In B-pinene (J), 
one of the geminal methyl groups is held in just such a shielded position, and as a 
consequence, it comes to resonance at significantly lower 6 than its twin. 


60.72 


(b) The compound II is aromatic [a(4n + 2)z electron system, where n = 3]. The cyclic 
a electron system around the periphery of the molecule sustains a substantial ring 
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current. The two methyl groups are deep in the shielding zone of this ring current, 
and it is for this reason that they appear at such an abnormally low dvalue (—4.23). 


(+) 


(c) In this compound (III), one of the methylene protons is found to be placed in the 
centre of the ring, i.e., within the circulating zone. Because of this, it becomes 
considerably shielded (appears at 6—1.4). 


6-1.4 ppm 


(d) In compound IV, the bridge protons are found to be placed in the centre of the ring, 
1.e., within the circulating zone. For this reason, it becomes considerably shielded 
(6-0.5). 


6-0.5 ppm 


32. Show with diagram how a double bond, a triple bond or a benzene ring can 
produce shielding and deshielding regions around them in the presence 
of external magnetic field. 
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Solution The shielding and deshielding regions [(+) and (—)] around a double bond, a 
triple bond or a benzene ring may be shown as follows: 


é (+) (+) 
OZ Ro Oo 

(+) oe ve 

AH MH Ht 

Bo Bo Bo 


(-) (-) 
Bo S (4) ; (+) Bo = (4) : (+) 
(-) (-) 


33. Specify whether the labelled protons in each of the following hydrocarbons 
are expected to have the same or different chemical shift. 


He 
| iss, - CH3 Fs. - CH; 
= c—c — 
(a) H3C a CHCHs)2 ) o> sv oH? (c) cHe-c oe cH 
H 


Solution 

(a) The two marked protons in this compound (H® and H°) are enatiotropic, and 
therefore, they are chemically equivalent. Hence, they are expected to have the 
same chemical shift value in its NMR spectrum. 

(b) The marked CH, groups are diastereotropic, and, therefore, chemically 
nonequivalent. Consequently, the protons belonging to these groups have different 
chemical shift. 

(c) The marked methyl groups are chemically different in the sense that they are 
attached to different carbon atoms of the C=C system. Therefore, they are 
chemically different and would exhibit different chemical shift. 

34. How would you distinguish between o- and p-nitroaniline by proton NMR? 


Solution The ortho-isomer of nitroaniline has four chemically nonidentical protons but 
all of them are aromatic hydrogens. Each of them will split into doublets but they will ap- 
pear as a complex multiplet at around 67.6. On the other hand, the para-isomer has two 
pairs of chemically distinguishable hydrogens. Each of them will appear as 2H doublet. H* 
proton will appear at 57.4 (slightly upfield) and H® protons will appear at 68.1 (slightly 
downfield). Therefore, two isomeric nitroanilines can be well distinguished from their ‘H 
NMR signals of aromatic hydrogens. 
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NH 
: Hy Ha 
H NO, Appears as O.N NH Appears as 
doublet at 68.1 2 2 doublet at 67.4 
H H 
H Hy BH, 


p-Nitroaniline 


seal tec he as ; - 
multiplet at | o-Nitroaniline 


around 6 7.6 
35. Predict the number of signals produced by each of the following 
compounds: 
(a) CH,CH,OCH, (b) CH,CHBrCH, 
H;C\ HH 
(c) (CH,),;COCH, (d) HC JC ay 
NO, 
Br H 
\pA_ pn 
(e) W/ —C 2. (f) 
H 
H H 
SAA H 
= h 
(g) H poHn, Cl (h) H 
H Br 
Solution (a) CH3CH3OCHS§ (three signals); (b) CH3CHBrCHé (two signals); 
H3C\ fa ; 
(c) (CH3),COCHB (two signals); (d) HEC PA (two signals); 
Br ya HP H2 
(e) pe ee (one signal); (f) H-<O>-n0; (three signals); 
H? Be HP H2 
H? H° 
i. nn” Hf : c d 
(g) + ae ee (three signals) and (h) H VA H Gvediandls) 
H! Br 


36. The 'H NMR spectrum of a mixture of CH,Cl and (CH;),CBr shows two 
singlets of 63.05 and 61.8 respectively with relative integrals of 5:1. What 
is the mole per cent of each compound in the mixture? 


Solution From the relative integrals we may write: 


5 protons of CH3Cl x ; molecule per proton 15 molecules of CH,Cl 


1 proton of (CH3)3 CBr x 5 molecule per proton 1 molecule of (CH3);CBr 
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: 15 15 
Mole fraction of CH,Cl = isai ie” 0.938 
Hence, the sample contains 93.8% CH.Cl and 6.2% (CH3)3CBr. 
37. (a) What is the relationship between the chemical shift in ppm and the 
operating frequency of the instrument? 
(b) What is the relationship between the chemical shift in hertz (Hz) and 
the operating frequency? 
(c) What is the relationship between the coupling constant (J) and the 
operating frequency? 
Solution 
(a) The chemical shift in ppm is independent of the operating frequency. 
(b) The chemical shift in hertz (Hz) is proportional to the operating frequency. 
(c) The coupling constant (J) is independent of the operating frequency. 
38. Predict the relative intensities of the peaks in a quintet using a diagram 
that shows the ways in which the magnetic fields of four protons can be 
aligned. 


Solution A quintet can be obtained by coupling to four equivalent protons on adjacent 
carbons. The four protons can be aligned in five different ways. The following possible 
arrangements for the alignment of four protons suggest that the relative intensities of a 
quintet are 1:4:6:4:1. 


TITT TTL Tht TA Wt 
THT LTT LTLL 
TLTT TTL WT 
LITT LT LT 
TLALT 
iit 
39. Comment on the ‘H NMR spectrum of the following compound and explain 


why a 100 MHz instrument instead of a 60 MHz instrument is used for this 
study. 


Solution H* and H° are diastereotopic and because of this, they couple with each other as 
well as with H*. Hence, H* and H® both appear as two pairs of doublets, the axial H being 
more upfield. The most downfield proton H® (as it is attached to a carbon containing oxy- 
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gen) is split into a triplet by the two H* protons and each signal of this triplet is further 
split into a triplet by two H® protons. When a 60 MHz instrument is used, the two inner 
peaks of the H* doublets are so close that they merge into a broad peak which appears like 
a triplet. A 100 MHz instrument is used to get well separated doublets. 


40. 


41. 


42. 


43. 


44, 


45. 


How can you distinguish the following molecules by ‘H-NMR spectroscopy? 
Cl Cl 


Og Om 


{[Hint: m-Dichlorobenzene gives three NMR signals, whereas o-dichlorobenzene 
gives two NMR signals.] 
How can you distinguish between the following pairs by ‘HNMR? 
(a) CH,CH,C=CH and H,C—C=C—CH, 
(b) Phenyl acetate (CH,COOPh) and methyl benzoate (PhCOOMe) 

[CU 2017] 
[Hint: (a) The terminal alkyne (but-1-yne) produces three NMR signals, whereas 
the nonterminal alkyne (but-2-yne) produces only one NMR signal. 
(b) In methyl benzoate the 3H singlet (due to CH) appears at somewhat downfield 
compared to that in phenyl acetate and this is because in the former the —CH, 
group is directly attached to electronegative oxygen atom.] 
A compound (C,H,O,) shows a very strong IR bond at 1,720 cm™ and only 
one singlet signal in its 'H NMR spectrum. Analyse the structure of the 
compound. [CU 2011] 
[Hint: CH,;COCOCHs] 
Why TMS is used as the reference compound in scanning ‘H-NMR spectrum 
of a compound? [CU 2011] 
{[Hint: See Solved Question No. 8.]| 
Sketch the ‘H-NMR spectrum with integrations showing relative chemical 
shifts of m-dinitrobenzene. [CU 2013] 
[Hint: 6 9.08 (1H, s), 8.61 (2H, m), 7.87 (1H, m) respectively for protons ortho to 
both —NOg, para to both —NOb, and meta to both —NO, groups.] 
Aromatic protons are more deshielded than ethylenic protons, although 
both types of protons are attached to sp?-hybridized carbon atoms— 
Explain. Why TMS is used as reference compound for ‘H NMR? 

[CU 2013] 
{[Hint: The secondary magnetic field generated by circulating z-electrons (ring 
current) deshields aromatic protons much effectively because it is relatively 
stronger than that generated in an alkene.] 
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47. 


48. 


49. 


50. 


51. 


A compound having molecular formula C,H,,)O shows a 6H singlet at 
230 ppm, a 1H singlet at 6.09 ppm and a 3H singlet at 2.27 ppm in the 
NMR spectrum. The compound shows UV absorption at /,,,, 230 nm and 
329 nm in hexane. Identify the structure of the compound with proper 


assignment of the NMR signals. [CU 2014] 
62.30 JH 66.09 

[Hint: (H3C),C ON ; it can exist in two conformations (s-cis and s-trans)] 
CH; 62.27 

Sketch the ‘H-NMR spectrum with integrations showing relative chemical 

shifts of isomeric dibromoethanes. [CU 2014] 


[Hint: BrCH,CH.Br : 63.65 (2H, s); CH;CHBr, : 6 2.45 (3H, d) and 65.84 (1H, q)] 
How many signals will youexpect in ‘H-NMR spectrum of o-dinitrobenzene? 
Assign the signals and arrange them in the increasing order of their 
chemical shifts. State the splitting pattern of the signals. [CU 2015] 
{[Hint: o-Dinitrobenzene is, in fact, a AA’BB’ system because the hydrogens ortho 
to one —NO, and meta to other and the hydrogens para to one —NO, and meta to 
other are chemically equivalent but magnetically non-equivalent. These magnetic 
non-equivalences can lead to some extremely complex ‘H-NMR spectrum of 
o-dinitrobenzene. If the system is considered as an AB system by ignoring magnetic 
nonequivalence, two doublets (one for A protons and the other for B protons) are 
expected. In fact, at lower resolution two doublets are obtained. The two A protons 
appear at somewhat downfield compared to B protons. 


Hy NO, 
Hs Op-No, On, > Ory 


Write the structure of the compound C;H,,Cl which shows two singlets in 
its ‘H-NMR spectrum. [CU 2016] 
[Hint: (CH;),CCH,Cl : (9H, s) and (2H, s)] 

Predict the relative chemical shifts, multiplicities and relative intensities 
of the ‘H-NMR spectrum of (CH,),CHCOCH3. [CU 2016] 


{Hint: C72 ee 3H, singlet | 6: H°>H?> H?] 


6H, doublet |, | 1H, septet 


How would you distinguish between o- and p-fluorophenol by ‘H-NMR 
spectroscopy? 


52. 


53. 


54. 
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[Hint 
oH, —1-bond 
F i H 
ARYL JE Ju, 
o-Fluorophenol p-Fluorophenol 

(due to intramolecular (due to intermolecular 
H-bonding, the signal position H-bonding, the signal position 
of OH proton does not change of OH proton changes 
with change in concentration) with change in concentration) 


Define the term chemical shift. What difference in chemical shift values 

are expected for the protons of CH3F, CH;Cl and CH;Br? 

[Hint: See article no. 4.4.5. The chemical shift of methyl halides depends on the 

electronegativity of the corresponding halogen atom. Deshielding increases with 

increase in electronegativity of halogen and as consequence, the methyl protons 

appears progressively at more downfield. 

CHF (electronegativity of F = 4.0) : 64.26; CH3Cl (Cl = 3.1); 63.05; 

CH;Br(Br = 2.8) : 62.68] 

A compound having molecular formula C,,.H,, is characterized by 

1H-NMR spectrum which contains a single peak at 52.2 as singlet. Identify 

the compound. [CU 2018] 
CHs, 


HC CHs 
[Hint: (Hexamethylbenzene) 


All the protons are chemical-shift equivalent, and therefore, a sigle peak at 62.2 is 
obtained as singlet.] 
Which of the compounds below most closely matches the following 


‘H-NMR data? [CU 2018] 
6 value No. of protons Splitting 
7.6 2H Doublet 
7.3 2H Doublet 
3.5 3H Singlet 
2.2 3H Singlet 


OCH; O—CH,CH; CHs 


oo | o | OL 


CH; CH; 
CH; 
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OCH; = __OCH;, : 63.5 (3H, s) 
H H 

erage A —CH; : 62.2 (8H, s) 

Hy Hp Ha : 67.3 (2H, d) 

CH; Hg : 67.6 (2H, d) 


4-Methylanisole 


55. A compound C,H,O gives the following spectra: 
IR : 3,100, 1,700(s), 1,640, 1,680 cm! 
‘H-NMR: 6 7.3-8.2 (complex multiplet), 52.5 (3H, s) 
Identify the compound with proper justification. [CU 2018] 


| 
(Hint: | 5H, m, 57.3-8.2 _(O)-e-cH, ai 5 525) 
(CgH,O) 
C=O stretching (conjugated with phenyl): 1,680 -1,700 cm™}; 
C—H stretching: 3100 cm™*] 
56. A compound having molecular formula C,H,,O shows in its 'H-NMR 
spectrum two signals at 61.1 (ppm), 9H and 2.1 (ppm), 3H, both as singlets. 


Identify the compound. [CU 2018] 
1 
Hint: 9H,s, 61.1 L— (CH3)3C—C—CH; = 3H, s, 62.1 
(CgH120) 
57. The structural formulas for two isomeric esters (M.F. C,H,.0,) are as 
follows: 
1 1 
H 
HC Oe CHgjo- Or 
I II 


(a) Predict the number of signals in the ‘H-NMR spectrum of each ester. 
(b) Predict the ratio of areas of the signals in each of these spectrums. 
(c) How would you distinguish between these two isomers on the basis of chemical 
shift? 
Solution 

(a) The ‘H-NMR spectrum of each ester consists of two signals. 

(b) In each spectrum, the signals are obtained in the ratio 9:3 or 3:1. 

(c) The two isomers can be distinguished by the chemical shift value of the single — 
CH, group. The hydrogen of -OCH, are more deshielded (appear farther downfield) 
than the hydrogen of -COCHg. 
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O 
| | 
H H 
51.95 Laer soe 3)3 (CH,),C- ~o-© 3153.67 
I I 


Conjoint IR-UV-NMR Spectrometry Problems 


58. Anorganic compound (C,H,,0) showed two signals in its ‘H-NMR spectrum 
at 61.0 (9H, s) and 6 2.0 (8H, s). An intense IR band of this compound 
appears at 1715 cm™'. However, there is no absorption in the range 2,700- 
2,860 cm7!. Determine the structure of the compound. 


Solution The molecule showed IR absorption band at 1,715 cm‘!. This is due to the pres- 
ence of a keto carbonyl group. That the compound is not an aldehyde is ascertained by the 
fact that aldehyde C=O appears in the range of 1,725—1,740 cm and aldehyde hydrogen 
(-CHO) consists of a pair of band in the range 2,700-2,860 cm™’. Appearance of three 
proton singlet at 52.0 in the ‘H-NMR spectrum of the molecule suggests the presence of 
a methyl group on the carbonyl carbon. The nine equivalent protons appearing at 6 1.0 
(9 H, s) typical of alkane nature must be attributed to the presence of a tert-butyl group. 
Therefore, the compound is 3,3-dimethyl-2-butanone. 


O 
d 
Saar Rema Fi5 


59. A volatile compound (M.F. C,H,,O) is transparent above 210 nm in UV 
region. It shows the following bands in the IR spectrum: (i) 2,851-2,960 
(m), (ii) 1,342 (w) and (iii) 1,075 em™ (s). Only one singlet at 51.05 is found 
in its ‘H NMR spectrum. Determine the structure of the compound. 


Solution Since the compound is transparent above 210 nm in the UV region, it contains 
no carbonyl group, conjugation, etc. The most characteristic band at 1,075 cm™! (s) in 
its IR spectrum is due to C—O stretching in C—O—C group. The other bands at 2,851— 
2,960 cm™ (m) and at 1,342 cm“ (w) are due to C—H stretching and bending respectively. 
The appearance of one singlet at much upfield (6 1.05) reveals that all the alkyl groups 
(six methyl groups) are in exactly similar environment. The following structure is strictly 
in accordance with the given data. 


(H,C),C-—O—C(CH)3)z (Di-t-butyl ether) 

60. An organic compound (M.F. C,H,,0,) shows three signals in its ‘H-NMR 
spectrum at 6 ~7.2(5H, br s), 3.6 (2H, q) and 1.96 (3H, t). One intense IR 
band appears at 1740 cm”. Deduce the structure of the compound. 

Solution A broad singlet at 6 ~ 7.2 indicates the presence of five aromatic protons. 


The presence of a 2H quartet and a 3H triplet indicates that the compound contains a 
—OCH.CHg group. The intense IR band at 1,740 cm” is due to the ester C=O group 


Organic Spectroscopy 4.163 
ia 


appearing in the range of 1,735—1,750 cm”. Hence, the following structure is strictly in 
accordance with the given data. 


2H, q, 63.6 


fe) 
| 
5H, br s, 6 ~7.2 —((O)}t-oc.cH, 4 3H, t, 61.96 


Ethyl benzoate 


61. Anorganic compound (molecular mass 116) showed the following spectral 
characteristics: 
UV: Anax 283 nm (Ex 22) 
IR: 2,500 - 300 (b), 1,715 (s), 1,342 em™ (w) 
1H-NMR: 6 2.12 (3H, s), 2.60 (2H, t), 2.25 (2H, t), 11.10 (1H, s) 
Determine the structure of the compound. 


Solution In the UV spectrum, the absorption at 283 nm of low intensity indicates the 
presence of a C=O group. Its presence is further confirmed by a strong band at 1,715 
cmt. A very broad band at 2,500—3,000 cm! is most characteristic of acid O-H stretching 
and such a band appears as a result of strong H-bonding. Since a very broad O—H stretch 
band is seen along with a C=O peak, it almost certainly indicates that the compound is a 
carboxylic acid. The presence of a carboxyl group (—COOH) is further shown by ‘H-NMR 
spectrum; a signal (singlet) is obtained at 611.10 (much downfield). Two triplets, one at 
62.60 and other at 6 2.25, having the same integral area must be due to two methylene 
groups (—CH,—CH,—) under different environments. The appearance of a three H sin- 
glet at 6 2.12 must be due to a methyl group attached to the carbonyl group. Hence, the 
compound having molecular mass 116 is 4-ketopentanoic acid. 


3H, s,62.12| g  |2H,t, 62.60 
I 
CH;—C—CH;—CH,—COOH = 1H, s, 611.10 


4-Ketopentanoic acid 


62. An organic compound (molecular mass 130) does not produce 
iodoform when treated with I,/NaOH. It showed the following spectral 
characteristics: 

UV: Amax 292 nm (€,,9x 16) 

IR: 3,042 (m), 2,941 (w), 2,862 (w), 1,722 (s), 1,605, 1,575 (m), 1,462 cm (m) 
‘H-NMR: 67.27 (5 H, m), 2.80 (2H, d), 9.78 (1H, t) 
Determine the structural formula of the compound. 


Solution The UV absorption at 292 nm (é,,, 16) is characteristic of a C=O group (an 
aldehyde or a ketone). The presence of a carbonyl group is further supported by a strong 
band at 1,722 cm™ in the IR spectrum. That it is due to an aldehyde group is confirmed 
by the presence of two bands at 2,862 and 2,740 cm™ due to aldehydic C—H stretching. 
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The absorption bands at 1,605 and 1,575 cm” indicate an aromatic ring C—C stretch 
which is further confirmed by a 5H multiplet at 67.27 in the ‘H-NMR spectrum. The one 
proton triplet at a lowfield (6 9.78) is due clearly to the proton of the —CHO group. A two 
H doublet at 62.80 is due to the —CH,— group attached to the aromatic ring. Hence, the 
structure of the compound is as follows: 


O 
| 1H, d, 
5H, m, OT en 59.78 
67.27 2H, d, 
6 2.50 
Phenylacetaldehyde 


63. An organic compound (molecular mass 108) is not a carboxylic acid. It 
can be easily oxidised to a crystalline compound (m.p. 122°C). It shows the 
following spectral characteristics: 

UV: Amax 255 nm (€,,,, 202) 
IR: 3,402 (s, br), 3,065 (w), 2,888 (m), 1,499 (w, sh), 1,455 cm™ (m) 
1H NMR: 63.90 (1H, s), 4.60 (2H, s), 7.26 (5H, s) 
Deduce the structure of the compound 


Solution The UV absorption at /,,,, 255 (é€ 


_— ‘max 202) indicates the presence of benzene ring 
in the compound. 


The appearance of a strong and broad band at 3,402 cm‘ is due to N—H or O—H stretching. 
Since the band is broad, it is more likely to be a H-bonded O—H group. The medium 
intensity band at 3,065 cm™ is due to aromatic C—H stretching; the bands at 1,499 and 
1,455 cm™ are also characteristic of an aromatic ring (C=C). The H-NMR spectrum 
shows three singlets with proton ratio of 1:2:5. If the OH group is present, then one oxygen 
atom and eight H atoms (1 + 2 + 5) amounts to 24 mass units. The remaining (108 — 24) 
or 84 mass units correspond to 7 carbon atoms. Therefore, the molecular formula of the 
compound is C,;H,O (agrees with molecular mass 108). The five proton singlet at 6 7.26 
suggests that the compound is a monosubstituted benzene. The 2H singlet is due to the 
two benzyl protons (—CH,—Ph). The compound is probably not pure (commercial) and 
due to spin decoupling both CH, and OH protons appear as singlet. Hence, the structure 
of the compound is as follows: 


oH, s, 54.60 


BH, s, 5726-—~((O>}cH,-on = 1H, s, 53.90 


Benzyl alcohol 


The compound can easily be oxidized to benzoic acid (m.p. 122°C) 
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To CU STUDY PROBLEMS DO 


1. 


How many hertz downfield from the TMS signal would be the signal occurring at 

3.0 ppm. 

(a) ina 300-MHz spectrometer? (b) in a 500-MHz spectrometer? 

Where would you expect to find the proton NMR signal of Me,.Mg relative to Me,Si 

(TMS) signal? 

(a) Iftwo signals differ by 1.5 ppm in a 60-MHz spectrometer by how much do 
they differ in a 300-MHz instrument? 

(b) If two signals differ by 90 Hz in a 300-MHz spectrometer, by how much do 
they differ in a 100-MHz instrument? 

[Hint: (a) 1.5 ppm; (b) 30 Hz] 

A signal sppears at 120 Hz downfield from TMS in a 300-MHz instrument. Calculate 

the chemical shift of that signal. How many hertz downfield from TMS would the 

signal be in a 60-MHz instrument? 

How many signals are expected to be found in the ‘H-NMR spectrum of each of the 

following compounds? 


(a) CH,CH,CH,COCH, (b) CH,—CH-CHO 
(ce) (CH,),CHCH,CH(CH,), (d) BrCH,CH,Br 
cL fl Ch _/CHCH, 
(e) C=C (f) C=C 
ea se H”% NH 


(g) (OB (h) CH CH,<Q)—CH,CH, 
Br 
@ O)-cHCICH, (j) CS 


(k) CH,CH,OCH(CHs), 

There are three isomeric dibromocyclopropanes. The isomers give 'H-NMR 
spectrums with one, two and three signals, respectively. Draw the structures of 
the isomers. 

Calculate the chemical shift in ppm for each of the following haloalkanes, given their 
shifts in Hz as measured downfield from TMS on a 60-MHz NMR spectrometer. 
(a) Methyl chloride (184 Hz) (b) Bromoform (413 Hz) 

(c) Chloroform (437 Hz) 

Describe the appearance of the proton NMR spectrum of each of the following 
compounds. How many signals would you expect to find, and into how many peaks 
will each signal split? 

(a) BrCH,CH,OCH,CH, (b) 1,1,1,2-Tetrachloropropane 

(c) ClCH,C\(OC,H;), (d) CH,CH,OCHBrCHBrOCH,CH, 


12. 


13. 


14. 


15. 


16. 


17. 
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Describe the splitting pattern expected for the proton at 

(a) C-2 in 2-bromopropanal (b) C-2 in (Z)-1,3-dibromopropane 

All the protons of cyclohexane appear to be equivalent in the NMR spectrum. Why? 
Deuterium does not give a signal under the conditions of proton NMR spectroscopy. 
Why? 

[Hint: The precessional frequency of 'H at a fixed strength of 1.4 tesla is 60 MHz 
whereas that of 7H at the same field strength is 9.2 MHz.] 

How many hertz does 1 ppm (one unit on the scale) correspond to an instrument 
recording proton NMR spectra at 

(a) 60 MHz (b) 100 MHz (c) 3800 MHz (d) 500 MHz? 
[Hint: (a) 60 Hz, (b) 100 Hz, (c) 300 Hz, (d) 500 Hz] 

Predict the chemical shift positions for the protons in (a) methyl acetate 
(CH;,COOCHS3), (b) ethyl acrylate (CH,=CHCOOCH,CHs3), (c) methyl 
phenoxyacetate (CgH;0CH,COOCHS3) 

[Hint: (a) The ‘H-NMR spectrum of methylacetate shows two signals, at 52.0 and 
63.6, respectively. (b) The chemical shift positions for the CH, and CH, groups 
are around 64.1 and 61.8, respectively. The a-hydrogen appears at 65.8 and the 
B-hydrogens appear around 66.0. (c) The CH; protons appear at 63.6. The aromatic 
protons come to resonance around 6 7.07 (lower frequency by the alkoxy group 
by approximately 0.2 ppm). The methylene group, flanked by two electronegative 
groups, appears at 64.2 (2.3 ppm for -OPh and 0.7 ppm for -COOR are added to 
the base value of 6 1.2).] 

Which of the boldface protons (or sets of protons) has the greater chemical shift, 
1.e., large 6 value? 

(a) CH,CH,CH,Br or CH,CH,CH,I 

(b) CH,CH,CHO or CH;,CH,COOCH, 

(c) CH3;CH,CH,Br or CH;CH,CHBrCH, 

(d) CHCl, or CHBr, 

Which of the boldface protons (or sets of protons) gives signal at higher frequency 
(higher 6 value)? 

(a) (CH,),CHOCH, (b) CH,0CH,CH, 

(c) CH,CCl1,CH,Cl (d) CH,CH,CH=CH, 

(e) (CH 3),CHCOCH, 

Integration could not distinguish between 1,1-dichloroethane (CH3;CHCl,) and 
1,2-dichloro-2-methylpropane (Me,CCICH,Cl). Why? 

[Hint: Integration tells us the relative number of protons that produce each signal, 
not the absolute number. Both of these two compounds show an integral ratio of 
1:3.] 

Explain how the following three isomeric compounds could be distinguished by 
their ‘H-NMR spectra. 
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18. 


19. 


20. 


21. 


22. 
23. 


(a) 1,1,1-Trichloropropane (b) 1,1,3-Trichloropropane 

(c) 1,1,2-Trichloropropane 

How many signals are expected to be appearing for the boldface hydrogens in the 
‘H-NMR spectrum of the following hydrocarbons? 


CH CH 
(a) CHj 7 ~cH;~ ° 
jis 

CH CH CH 

6) CH °° Sca- Cee 


i 


CH CH 
©) CHe  *“CHe “CE, 

CH CH CH 
@): CH = “ony cae Cr, 


fel CH; ZN ais hoy woe 

[Hint: (a) enantiotopic hydrogens: one signal; b) diastereotopic hydrogens: 
two signals; (c) enantiotopic hydrogens: one signal; (d) neither enantiotopic nor 
diastereotopic: one signal; (e) enantiotopic: one signal.] 

Which of the following would show a greater chemical shift for the OH proton and 
why? 

(a) The NMR spectrum of ethyl alcohol dissolved in dichloromethane 

(b) The NMR spectrum of pure ethyl alcohol 

Explain why the signal for the OH proton of a carboxylic acid (RCOOH) appears at 
a higher frequency (downfield) than that for the OH proton of an alcohol (ROH). 
Propose mechanisms for acid- and base-catalyzed proton exchange. 

[Hint: acid-catalyzed proton exchange: 

H H 
f, S #8 | x, | ) 
RO—-H] + |H;-OH, == R O7H + OH, = RO: + |H}+-OHs | 


How can 0-, m- and p-dinitrobenzene be distinguished by proton NMR spectroscopy? 
How would you distinguish between the compounds in each of the following pairs 
by ‘H-NMR? 


(a) C3 and CI 


(b) CICH,CH,CH,Cl and CICH,CH,CH,NO, 
(c) CH,CH,CH,OCH, and (CH,CH,),0 
(d) (CH,)s;CCOOCH; and (CH,),C(OCH3), 


24, 


25. 


26. 


27. 


28. 


29. 


30. 
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Br Br 
H——CH, D——CH, 
(e) p—-_H and HH 

Cl Cl 

H H H Br 

oa 

Br Br Br H 


[Hint: (a) 2 signals and 38 signals respectively; (f) 3 signals and 2 signals, 
respectively] 

From the following data, estimate the percentages of axial and equatorial forms 
present in bromocyclohexane. 


Br H—= §3.81 


fost Sowa oh’ 3.95 


6 4.62 


In PhCHO, two of the ring protons come to resonance at 67.87 ppm, and the other 
three ring protons come to resonance in the range from 67.5 to 7.6 ppm. Explain. 
The position of the signal for the OH proton of phenol is concentration dependent. 
However, the OH proton of o-hydroxyacetophenone, which appears at 612.05 ppm, 
does not show any great shift upon dilution. Explain these observations. 

The methyl protons of acetonitrile (CH,CN) appear at 6 1.97, whereas that of 
methyl chloride (CH,Cl) appear at 63.05, even though the dipole moment (u) of 
acetonitrile is 3.92D and that of methyl chloride is only 1.85 D. From the dipole 
moment values it becomes evident that the electronegativity of the cyano group is 
greater than that of the Cl atom. Explain why the methyl protons of acetonitrile 
are actually more shielded than those in methyl chloride, in contrast with the 
results expected on the basis of electronegativity. 

[Hint: Diamagnetic anisotropy in CH,CN.] 

Arrange the following compounds in increasing order of shielding of methyl protons 
and give your reasoning: 

CHF, (CH3)3N, CHz;CH,CH,;0CHsg, (CH;),.Mg 

In which of the following two solutions the 6 value of the OH proton of ethanol will 
be higher? 

(a) a2M solution (b) a0.2M solution 

Two isomeric hydrocarbons A and B (M.F.: CgH,,) exhibit sharp singlets at 61.70 
and 1.40, respectively. A decolourises bromine-water, wehreas B does not. Identify 
A and B. 


[Hint: A => (CH3)gC—=C(CH3)9; B => Co 
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35. 
36. 


37. 


38. 


39. 


40. 


How can NMR spectroscopy be used for quantitative estimation of keto and enol 
tautomers? 
How would you explain the appearance of a 3H triplet and a 2H quartet in CH,— 
CH,-group? Give the relative intensities of various peaks in these multiplets. 
Acetylene protons are nore shielded than ethylene protons. Explain. 
Name some important solvents used in ‘H-NMR spectroscopy. What are the 
important characteristics of the solvents to be used in this spectroscopic technique? 
Explain why TMS is used as a standard reference in ‘H-NMR spectrocopy. 
Draw a splitting diagram for the H” proton if Jy. = 10 and Jj, = 5. 
Ch. / CH Cl 
C=C 
HY \uypP 
How could proton NMR be used to establish that the addition of HBr to propene 
follows Markowikoffs rule? 
[Hint: The product (Me,.CHBr) gives two NMR signals. ] 
Write the possible structures of the esters having molecular formula C,H,0,. How 
can these esters be distinguished by ‘H-NMR spectral analysis? 
How many signals are expected to be obtained in the ‘H-NMR spectrum of each of 
the following compounds? 
CHs CH; 


(a) jag (b) ei 


H.C HC 
(c) (d) 
H.C CH, H.C “CH; 


[Hint: Signals: (a) > 4; (b) => 3; (c) = 4; (d) => 4.] 
Determine whether the labelled protons in each case are expected to have identical 
or different chemical shifts. 


H? 
Br Ha | 
(a) Some , (b) H3;C—C—Cl 
H;C H i 
H® Br ‘a 
| | 
(ec) H3;C—C—CH—CH; (d) BsO20 0 OGM: 
ne od 


{[Hint: (a) diastereotopic: different chemical shift; (b) enantiotopic: identical 
chemical shift; (c) diastereotopic: different chemical shift; (d) homotopic: identical 
chemical shift.] 


42. 


43. 


44, 
45. 


46. 


47. 


48. 


49. 
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Explain how the ‘H-NMR spectrum of the compounds within each of the following 
sets would differ. 
(a) (CH3),CHCl and (CH;),CDCl 


(b) CICD,CH,CH,Cl and CICH,CH,CH,Cl 


Cl Cl 
HD HH 

Yay gg PRE yl gy 
C2H5 CoH5 


{[Hint: Deuterium does not give a signal under the conditions of proton NMR 
spectroscopy.] 
What is the dihedral angle and expected coupling constant (J) between the labelled 
protons in each of the following molecules? 

H? 


HS 
(a) (b) 


HP 
How would the ‘H-NMR spectrum of ethyl fluoride (CH,CH,F) differ from that of 
ethyl chloride (CH,;CH,Cl)? 
{[Hint: Compounds containing fluorine will show spin-spin splitting due to coupling 
between the fluorine and the hydrogen on either the same of the adjacent carbon 
atom. Since the spin of fluorine (1°F) is 1/2, the n+1 Rule can be used to predict 
the multiplicities of the attached protons. Other halogens do not cause spin-spin 
splitting. ] 
Predict the ‘H-NMR spectrum expected for the Cl,CHCHCICHCI, molecule: 
A signal at 57.3 is found in the ‘H-NMR spectrum of chloroform in cyclohexane. 
The signal shifts to 65.74 when the spectrum is run in benzene. Explain. 
[Hint: Benzene behaves as a Lewis base to chloroform and considerable charge 
transfer is responsible for shielding the proton. Also, the diamagnetic shielding 
effect of the ring current of benzene nucleus is partly responsible as the H atom of 
CHCl, is located in the vertical zone of the ring.] 
Explain why ‘H-NMR signal for the OH proton in o-hydroxyacetophenone shifts to 
lower 6 when temperature is increased. 
What kind of proton NMR spectrum would you expect to obtain from 
undecadeuteriocyclohexane at room temperature? 
Sketch the proton NMR spectra that you would expect from each of the following 
compounds: (a) CHg CF,CHsg, (b) CHsCF,Cl, (c) CHsCFCl, and (d) CH3CF3. 
The proton magnetic resonance spectrum of CH;F contains two lines. What must 
you conclude? 
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50. 1,3,5-Trioxane exists in chair conformation similar to that of cyclohexane. 


What is the expected appearance of its NMR spectrum at room temperature and 
—100°C. 

51. Explain the following observations: 
(a) The NMR spectrum of the sodium salt of cyclopentadiene (I) consists of a 


singlet. 
Dene 
I 


(b) The methyl group in the following compound has an unusual chemical shift of 
6-1.67, about 4 ppm lower than the chemical shift of a typical allylic methyl 


ae 


52. What is the difference in ‘H-NMR spectrum of (a) pure ethanol and (b) ethanol 
containing a trace of acid? 

53. Compare the ‘H-NMR spectra of CH;CH,Cl and CH,CHDCI. 

54. Predict the structural units of a molecule which are responsible for the appearance 


of: 
(a) Atriplet and a quartet (b) Two doublets 
(c) Adoublet and a quintet (d) Two triplets of equal integral area 


Conjoint IR-UV-NMR Spectrometry Problems 
55. Anorganic compound (M.F. CgH,,0.) showed the following spectral characteristics: 
UV: Amax 270 nm 
IR: 1,680 cm 
1H-NMR: 67.6(2H, d, J = 8Hz), 6.9(2H, d, J = 8 Hz), 3.9 (3H, s), 2.0 (3H, s) 
Determine the structure of the compound. 
[Hint: p-MeC,H,COCHsS] 
56. An organic compound (Mol.wt. 174) showed the following spectral characteristics: 
UV: Amax 218 nm (&,,, 60) 
IR: 2,857-2,941 (m), 1,745 (s), 1,458 em (m) 
1H-NMR: 64.14 (4H, q, J = 7.2 Hz), 2.60 (4H, s), 1.57(6H, t, J = 7.2 Hz) 
Deduce the structure of the compound. 


57. 


58. 


Organic Chemistry: A Modern Approach 


[Hint: CH,CH,O0—C i, —OCH,CHs3] 
An organic compound (M.F. C,;H,Br) produces a 1° alcohol on hydroboration— 
oxidation. The spectral data of the compound is given below: 
UV: Amax 282 nM (Epa, 450). 

IR: 3,033 (m), 1,646 (m), 1,602 (m), 1,582 (U), 820 (s) and 710 cm"! (m). 
1H-NMR: 67.26 — 7.38 (4H, asymmetrical pattern), 5.70 (1H, doublet of doublets), 
6.70 (1H, doublet of doublets) and 5.14 (1H, doublet of doublets). Deduce the 


structure of the compound. 


(Hint: (O) CH=CH 
Br 


A compound (M.F. C,H,NO) gives the following spectral data: 
UV: Anax 238 nm (€,,,, 10500) 
IR: 3,428 (m), 2,857-2,941 (W), 1,680 (s) and 1,452 em (w) 
‘H-NMR: 68.13 (1H, s), 2.70 (3H, s), and 1.90 (3H, s) 
Deduce the structure of the compound. 


[Hint: CH;CONHCH3| 
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5.2.1 Nomenclature and Isomerism 


INTRODUCTION 


Polynuclear hydrocarbons are hydrocarbons that are composed of multiple aromatic rings. 
These are of two types: (i) in some of them two or more benzene rings are joined to each 
other either directly or through carbon chains; they include compounds like biphenyl, 
diphenylmethane, etc. and (ii) in rest of them two or more rings are fused together in 
the o-positions, e.g., naphthalene, anthracene, phenanthrene, etc. Structures of some 
polynuclear hydrocarbons are given below: 


Naphthalane Anthracene Phenanthrene Biphenyl 


5.2 Organic Chemistry: A Modern Approach 


Naphthacene Pyrene ; 
Triphenylene 


The study of condensed polynuclear hydrocarbons has assumed great importance as a large 
number of them has been found to have carcinogenic property (e.g., 1,2-benzanthracene 
derivatives like 5,6-dimethyl-1,2-benzanthracene, 3,4-benzpyrene, etc.). Although the 
exact nature of structure—activity relationship has not yet fully understood, the possibility 
of such a correlation has inspired scientists to carry out research in the synthesis of this 
class of compounds. The chemistry of naphthalene, anthracene and phenanthrene are 
described in this chapter as representative molecules. 


5.1 NAPHTHALENE AND ITS DERIVATIVES 


Naphthalene, C,)Hg, is the largest constituent of coal-tar (97%). It can be isolated from 
coal-tar and petroleum. 


Isolation from coal-tar Naphthalene crystallizes out as a solid substance when heavy and 
middle oil fractions of the coal tar distillation are cooled. Solid naphthalene is filtered, 
melted, washed with concentrated sulphuric acid (to remove basic impurities like pyridine 
and pyrrole), washed with water and then treated with aqueous sodium hydroxide (to 
remove acidic impurities like phenols). Again it is washed with water and finally purified 
by distillation. 


Isolation from petroleum Naphthalene is also being made synthetically from petroleum. 
When a selected fraction of petroleum is passed over a heated catalyst, e.g., copper or 
platinum at 680°C at atmospheric pressure, naphthalene and methylnaphthalenes are 
obtained. The latter are converted to naphthalene by heating with hydrogen under pressure 
in the presence of a metal oxide catalyst. This process is known as hydrodealkylation. 


we Aes + CH 
A, pressure 


2-Methylnaphthalene Naphthalene Methane 


5.1.1 Nomenclature and Isomerism 
Various positions of naphthalene are numbered as follows: 
8(a@) 1(@ 
(B) 7 ae 2 (B) 
(B) 6 3 (p) 
5(a) 4 (a) 
Naphthalene 
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In this structure, the positions 1, 4, 5 and 8 are equivalent and are also designated by 
the Greek letter a. Similarly, the remaining positions 2, 3, 6 and 7 are identical and 
designated by the Greek letter £. It thus follows that naphthalene forms only two 
monosubstitution products, e.g., o- or 1-nitronaphthalene and f- or 2-nitronaphthalene. 
Ten disubstituted products are possible if two substituents are identical. However, if the 
two substituents are not identical, 14 isomeric disubstituted products are possible. The 
position of single substituent in simple naphthalene derivatives are usually represented 
by the Greek letters. However, it is better to use numerals, especially in the case of di- and 
polysubstituted naphthalenes. 


Br COOH 


oo" 


B-Naphthol oa-Bromonaphthalene a-Naphthoic acid 
OH 


OH OH 
eae a 


1,2-Dihydroxynaphthalene 2,6-Dihydroxynaphthalene 


5.1.2 Structure of Naphthalene 


The structure of naphthalene has been established from the following facts and conclusions 
therefrom: 

1. Elemental analysis and molecular mass determination suggest that the molecular 
formula of naphthalene is C,)Hg. 

2. Naphthalene is an aromatic compound because its properties resemble those of 
benzene (it undergoes electrophilic substitution reactions, it resists addition 
reactions, etc.) and the structure obeys Huckel’s rule of aromaticity [a planar 
conjugated cyclic system having (4n + 2)z electron, where n = 2]. 

3. When naphthalene is completely hydrogenated, decaline (Cj 9H, ) is obtained. This 
observation suggests that it has five double bonds. 

4. When naphthalene is subjected to vigorous oxidation, it gives phthalic acid. This 
observation suggests that in naphthalene there is at least one benzene ring with 
two side chains (A) in the ortho-positions. 


CH, ON, 
[O] 
Naphthalene COOH C 
Phthalic acid (A) 


Two independent unsaturated side chains containing four C-atoms and four H-atoms can 
be written as shown below (B). However, this structure of naphthalene consumes 6 moles 
of hydrogen, whereas naphthalene consumes only 5 moles of hydrogen. 
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H 
= CH,CH 
Ce CH She Cr a - Naphthalene —> C4 9H, 
CH=CH, H CH,CHs; (CoH) 
(CyoHy0) 


Therefore, B is not the actual structure of naphthalene. On the basis of the above 
observations and analogy with the Kekule formulation of benzene, Erlenmeyer proposed 
structure I for naphthalene in which two benzene rings are fused together at ortho- 


positions. 


I 


That lis the actual structure of naphthalene has been confirmed on the basis of the following 
experiments. On nitration, naphthalene yields 1-nitronaphthalene, which on oxidation 
produces o-nitrophthalic acid. The electron-attracting —NO, group withdraws electron 
from the ring to which itis attached and thereby makes the ring less susceptible to oxidation. 
The relatively electron-rich other ring undergoes oxidation to yield 2-nitrophathalic acid. 
When 1-nitronaphthalene is reduced with Sn/HCl, 1-aminonaphthalene is obtained. The 
amino group by its +R effect makes the ring attached to it relatively electron-rich. When 
1-aminonaphthalene is oxidized, phathalic acid is obtained. Therefore, the beneze ring in 
phthalic acid obtained by oxidation of 1-aminonaphthalene is not the same ring as that 
originally containing the —NO, group in 1-nitronaphthalene, i.e., there are two benzene 
rings in naphthalene which are ortho-fused. 


NO, 


[0] HO,C 


NO, HO,C 


HNO, 2-Nitrophthalic acid 
80, = — 
Naphthalene 1-Nitronaphthalene 2 eoKE 
Sn/HCl [0] 
= “= OG a 


1-Aminonaphthalene Phthalic acid 


The structure of naphthalene has been confirmed by several unambiguous synthesis. One 
very important method is Haworth synthesis which starts with a Friedel-Crafts reaction 
involving benzene and succinic anhydride (succinoylation) in the presence of anhydrous 
AIC], to yield 3-benzoylpropanoic acid. This acid upon Clemmensen reduction followed 
by ring closure with concentrated sulphuric acid (another Friedel-Crafts acylation) 
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gives o-tetralone. When c-tetralone is subjected to Clemmensen reduction followed by 
dehydrogenation using palladized charcoal or selenium, naphthalene is obtained. 


0 i 
aa 
CHs—C 1. Anhy. AICI,/CS C 
CT + [”* Sos; 58 > Cr “CH; Zn(Hg/HCl 
CHy—C. at (Clemmensen 
Benzene 3H HO,C~ CHp reduction) 
Succinic anhydride 3-Benzoylpropanoic 
acid 
Pass C <P CO) <iatientic ¢ Zn(tgVHCL Lone. Hy80,_ Cyn cH 
Clemmensen or HF <orHF® | . 
Naphthalene Tetrahydro- ee eae HO,C7 CH, 
naphthalene ee 


4-Phenylbutanoic 
acid 


Naphthalene has a fixed bond structure Physicochemical evidence like heat of hydrogenation 
and heat of combustion of naphthalene suggest that the molecule is a resonance hybrid of 
the following three neutral canonicals or resonance structures (I, II and III). 


In the symmetrical structure I, both the rings are benzenoid (benzene-like), whereas in 
the unsymmetrical structures II and III, one of the two rings is o-quinonoid (quinone- 
like) in nature. On the basis of the fact that quinones are more reactive (less stable) than 
benzene, Fries formulated a rule, called ‘Fries rule’ which states that the most stable 
form or resonance structure of a polynuclear hydrocarbon is that in which maximum 
number of rings are present in the benzenoid form. Therefore, according to the Fries 
rule, the structure I is expected to make the highest contribution towards the stability of 
naphthalene, i.e., towards the resonance hybrid. The fixed bond character of naphthalene 
is observed in the coupling reaction of B-naphthol. Benzenediazonium cation couples with 


alkaline solution of B-naphthol to form an azo dye. The coupling reaction is found to take 


OH 
place always at C-1, but never at C-3. For coupling reaction to take place 20=6. 


moiety is required. In structure IV, this is present when C-1 is considered as the site of 
attack in B-naphthol. In the case of the resonance structure V, the coupling is expected to 
take place at C-3, but this has not been observed. Therefore, naphthalene reacts through 
its fixed bond structure I. 
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N=N—Ph 
And OH = 1.0H%H,0 ar 
o's 
2. PhN,CI° Coe 
IV (obtained as a result 
* of coupling at C-1) 
v 
~2-OH 9 OH 
2. PhN,Cl N=N—Ph 
Vv (C-3 coupling product 
B-Naphthol not obtained) 


The presence of almost a single structure for naphthalene has been supported by the 
fact that 2,3-dimethylnaphthalene undergoes ozonolysis to yield a mixture of phthalyl 
aldehyde and dimethylglyoxal nearly exclusively. o-Benzoquinone and methylglyoxal are 
formed in negligible amounts. 


0. CH 
oo. 


OF “CH, 
2,3-Dimethylnaphthalene Phthalyl aldehyde Dimethylglyoxal 
O 
ee ee 
CH; “= O 
2,3-Dimethylnaphthalene o-Benzoquinone Methylglyoxal 


The double bond character of the various bonds in naphthalene is shown in structure (IV), 
and are obtained by taking the average of the three resonating structures (I-III) on the 
assumption that all of them contribute equally to the resonance hybrid. Thus, 1,2-bond is 
expected to be shorter than the 2,3-bond. This has been proved to be correct by X-ray and 
electron-diffraction analysis (see structure V; bond length in A units). 


1/3. 2/3 1.425. 1.361 


IV Vv 


5.1.3 Synthesis of Naphthalene 
Naphthalene and its derivatives can be synthesized by the following methods: 
5.1.3.1 Haworth Synthesis 


Synthesis of naphthalene by this method has already been discussed. Synthesis of some of 
its derivatives are outlined as follows: 
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O 
a 
Me a. anhy. AlCl, Me HOC. nonmc) Me EtO2C 
———_—__> ee 
OO * CH a (Friedel-Crafts TO Th 
Toluene ° So aes O O 
Succinic anhydride 
EtMgBr 
- 7 Ether (i vuole) 
Me. EtO.C Me. EtO.C , Me Et0.¢ 
—-H,0 H,0 
Zz < —_— 
im Et~ ~OH Et~ ~OMgBr 
O 
i HO.C HO.C 
. ae me ” H,/Ni a ; conc. H,SO, Me 
= (controlled) ? 

Et Et Et 

me cr pacn Me Zn(Hg/HCl 

(-2H,) (Clemmensen 

Et (aromatization) Et reduction) 


1-Ethyl-6-methylnaphthalene 
(b) 7-Chloro-1-methylnaphthalene 


O 
io HO.C 
Cl CH ae anhy. AlCl, Cl 2 Zn(Hg)/HCl 
+ ————_> 
n@® CH a (Friedel-Crafts (Clemmensen 
2 So reduction) 


reaction) 
O 


Chlorobenzene Scecuaic 
anhydride 
O 


cy IMs, -Me Cl cl__ HO 
Cry MeMglI i conc.H,SO, TL) 
ether < 
7 M M 
woe |C! ae —H,0 . Cl : pd-C/A Cl : 
eM) eae 1D 


7-Chloro-1-methyl- 
naphthalene 
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(c) 1-Ethyl-4-methylnaphthalene 


_ ZO O O 
OO . T So anhyd. AICI, er RiOWH® 
ZX 110,C 0,6 
Benzene Succinic 
anhydride 
Me r S| 
Me OH Me_ -OMg!I 
~ —H,O H;,0° 
; MeMglI 
EtO,C | EtO,C | EtO,C Ether 


Me 
1. dil. KOH osm conc. HySO,4 Ce EtMgBr 
2. H3,0° ~ OePPA Ether 

O 


Me i Me | Me 
HO Et] BrMgO Et 


Et 
1-Ethyl-4-methyl- 
naphthalene 


5.1.3.2 Synthesis by the Diels—Alder Reaction 


Cyclohexene reacts with buta-1,3-diene to form a Diels—Alder adduct. The adduct is then 
treated with two equivalents of N-bromosuccinimide (NBS) to yield a dibromo derivative 
(allylic bromination). The dibromide is treated with alcoholic KOH to yield tetraline. 
Dehydrogenation of tetraline with Pd-C produces naphthalene. 


Br 
ZS fe A 2 NBS alc. KOH 
~ + D-A (allylic bromination) . (-2HBr) ae 
Buta-1,3-diene Cyclohexene Br 
pee een 


howe 


Naphthalene may also be prepared by treating the Diels-Alder adduct of furan and 
benzyne with H./No. 
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® 
NH N=N 
Cr 2 1,NaNO./HCl Ais A io) 
COOH 2. OH7H,0 C—O Pe 
Arthratrilic acid e “002 Benzyne 
— : 
Naphthalene Adduct 


When the Diels—Alder Adduct is subjected to acid-hydrolysis, a-naphthlol is obtained. 


OH 


Adduct a-Naphthol 


5.1.3.3 Fittig and Erdmann Synthesis 


Benzaldehyde is allowed to react with diethyl succinate to form an alkylidene succinic acid 
ester (salt). This product of Stobbe condensation is then hydrolyzed to give a dicarboxylic 
acid. It is decarboxylated by heating to yield 4-phenyl-3-butenoic acid. This acid is cyclized 
by treating with concentrated H,SO, to yield o-naphthol which on zinc dust distillation 
produces naphthalene. 


— CO2Et 
cre 2 Me;COK “acon? CO.Et 1. KOH/H,0 
—CO,Et ~ Me,COH ” 2. dil. HCl 


Benzaldehyde (Stobbe) 
a succinate 


tautom. eEeSOuA_ ctor SVT COOH 
Tao; cor 


> Zn-dust 


N a 


5.1.4 Physical Properties of Naphthalene 


Naphthalene is a solid crystalline substance having melting point 80°C and possesses a 
characteristic odour. It sublimes readily on heating. It is used as an insecticide and in the 
preparation of phthalic anhydride including dyes. 
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5.1.5 Chemical Properties of Naphthalene 


Naphthalene is an aromatic compound. Since it contains two benzene rings, it might have 
been expected that the resonance energy of naphthalene would be close to 72 kcal/mol. 
However, its resonance energy is 61 kcal/mol, i.e., 30.5 kcal/mol per benzene ring on the 
average. Hence, naphthalene is less aromatic than benzene. Consequently, naphthalene 
possesses less aromatic character than benzene and so it is expected to be more reactive 
than benzene. 


Reactions Naphthalene, a typical aromatic hydrocarbon, undergoes _ electrophilic 
substitution reactions like benzene. It also undergoes oxidation and reduction more 
readily than benzene in respect of only one ring. Some of the reactions of naphthalene are 
discussed below. 


5.1.5.1 Electrophilic Substitutions 


Naphthalene undergoes electrophilic substitution preferentially at 1-position. This 
observation can be well explained in terms of relative stabilities of carbocation 
intermediates or o-complexes involved in 1- and 2-suibstitution processes. The resonance 
structures drawn for the carbocation intermediates or o-complexes for 1- and 2-attack are 
as follows: 


E H E H E H E H 
Naphthalene A B® 
E H E H E H 


o-complex (more stable) 


E 


Naphthal 
@ H @ ~H H 
i E<> E<> ae 
o-complex (less stable) 


The resonance hybrid of the carbocation intermediate or o-complex for 1-attack contains 
seven resonance structures. In four of them (A, B, C and D), the aromatic sexlet is preserved 
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in one benzene ring (R.E. 36 kcal/mol). On the other hand, the resonance hybrid of the 
carbocation intermediate for 2-attack contains six resonance structures. Of these six, only 
two (E and F) contain intact benzene rings. Structures lacking the intact benzene ring are 
not aromatic and are thus less stable. It thus follows that the intermediate carbocation 
or o-complex for 1-attack is relatively more stable than for 2-attack. As a consequence, 
substitution at 1-position occurs more rapidly and predominantly. 


(a) Nitration When naphthalene is treated with a mixture of concentrated nitric acid and 
concentrated sulphuric acid, 1-nitronaphthalene is obtained. However, when the reaction 
is carried out at higher temperature, a mixture of 1,5-and 1,8-dinitronaphthalenes are 
formed. 


NO, NO, NO» NO, 
—— “ae 
1,8-Dinitro- Naphthalene 1-Nitronaphthalene 
LG Dimiteo: naphthalene 
naphthalene 


When 1-nitronaphthalene is reduced with metallic tin and concentrated hydrochloric acid, 
o-naphthylamine or 1-aminonaphthalene is obtained. 


NO, NH, 
Sn/HCl 
1-Nitronaphthalene 1-Aminonaphthalene 


(b) Halogenation Chlorination and bromination of naphthalene takes place readily and 
unlike benzene no Lewis acid catalyst is required. The reaction occurs almost exclusively 
at 1-position. 


Br Cl 
Br,/CCl, Cl,/CCl, 
ees boiling reflex ee 
1-Bromonaphthalene or SOCI/25°C — 1_Chloronaphthalene 


(c) Friedel-Crafts alkylation This reaction should be carried out under mild conditions of 
temperature, since at higher temperature binaphthyl is the major product. The amount of 
1- and 2-substituted products depends on the size of the reagent. For instance when methyl 
iodide is used as the alkylating agent, a mixture of 1- and 2-substituted naphthalenes 
with the dominance of the 1-isomer is obtained. However, when ethyl or n-propyl bromide 
is used, only the 2-isomer is obtained. This is because of steric interaction between the 
bulkier reagent and the hydrogen at the peri-position (8-position). 
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CH3; 
CH,V/AICl, 
low temp. Ce 
Naphthalene 1-Methylnaphthalene 
AlCl, C,HsBr 


or CH,CH,CH,Br CoHs CH,CH,CH; 
, or 


2-Ethylnaphthalene 2-Propylnaphthalene 


(d) Friedel-Crafts Acylation Although the 1-position of naphthalene is the favourable 
position for electrophilic attack, this position is sterically more hindered to the H atom 
on the adjacent vertex of the second ring (peri- or 8-position). Acylation in nitrobenzene 
(solvent) involves the bulky complex I which has a large steric demand. For this reason, 
acylation of naphthalene, when carried out in nitrobenzene, produces 2-acetylnaphthalene 


as the major product (95%). 
Sterically hindered 
C-1 position 
cl ® 


| i 
\CHy—C = 6—Alcl, -<<O>— <O>=-no,| | 


I 
Qeanehaicne 


On the other hand, the complex involved in acylation carried out in CS, is not so bulky and 
because of this, 1-acetylnaphthalene is obtained as the major product (75%). 


COCH, 


1-Acetylnaphthalene  2-Acetylnaphthalene 


Cr CH;COCI (major) (minor) 
AIC], 


Naphthalene COCH3 Sob 
(minor) (major) 


(e) Sulphonation Sulphonation of naphthalene under mild conditions gives mainly 
1-naphthalenesulphonic acid, while its sulphonation under more vigorous conditions give 
mostly 2-naphthalenesulphonic acid. 
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1-Naphthalene- 2-Naphthalene- 


Conc. H,S0,| sulphonic acid sulphonic acid 
(84-85%) (15-16%) 


Naphthalene SO3H 
160°C SO3H 
> 
(7-15%) (85-93%) 


The sulphonation of naphthalene is readily reversible at an elevated temperature, 
whereas at low temperature the reaction is practically irreversible. Sulphonation at 
low temperature (40°C) gives mainly the 1-substitution product. Since the reaction does 
not reach equilibrium at this temperature, the product isolated is one that formed at a 
faster rate (kinetic product). Due to greater stabilization of the intermediate carbocation 
involved in the rate-determining step of 1-substitution reaction, the 1l-acid is formed 
rapidly. Although the 1-acid is formed more rapidly, it is thermodynamically less stable 
than the 2-acid. The can be explained in terms of steric strain (van der Waals repulsions) 
that occurs between the groups in the 1- and 8-positions. The sulphonic acid group is much 
larger in size (as large as a tert-butyl group). The unfavourable steric interaction between 
this group and the H-atom in the 8-position, called a peri-interaction, destabilizes the 
1-acid. 


Steric interaction 
(peri-interaction) 


— No steric 
@® interaction 
because there 
Co ®@ is enough 
space between 
1-Naphthalenesulphonic 2-Naphthalenesulphonic two ortho groups 


acid acid 
(less stable) (more stable) 


A peri-interaction is much more severe than the interaction of the same two groups in 
ortho-positions because bonds in ortho-positions diverge from each other, whereas the 
bonds in peri-positions are parallel. 

At 160°C, the main product is 2-naphthalenesulphonic acid. At this temperature, the 
reaction is reversible. Under this equilibrium conditions, the less stable but readily formed 
l-acid undergoes ready desulphonation to yield naphthalene which then undergoes new 
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attack at C-2 to yield the more stable 2-acid (the thermodynamic product). Because of 
greater activation energy, the 2-acid tends to resist desulphonation. 


SO3H 


~ Ae 7 Ae 7 
1-Naphthalene- Naphthalene 2-Naphthalenesulphonic 
sulphonic acid acid 
(formed rapidly and (formed slowly and 
desulphonated rapidly) desulphonated slowly) 


This reversibility is confirmed by the fact that l-acid, when heated with concentrated 
H,SO, at 160°C, produces the 2-acid predominantly. 
The energy diagram for the sulphonation of naphthalene may be represented as follows: 


E act 
2-sub- 
stitution 


Potential energy —— 


1-Naphthalene- 
sulphonic acid 


oo 


Naphthalene 2-Naphthalene- 
+ conc. H»SO,4 sulphonic acid 


~— Progress of 1-substitution reaction) Progress of 2-substitution reaction —~ 


(f) Chloromethylation Naphthalene undergoes chloromethylation (i.e., introduction of a 
—CH,Cl group) when treated with formaldehyde and HCl in the presence of zinc chloride. 


1-Isomer is obtained as the major product. 
CHCl 


J Sao ey 
—— 
anhy. ZnCl, 


Naphthalene 1-Chloromethylnaphthalene 
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Mechanism of the reaction Protonation of formaldehyde by HCl in the presence of ZnCl, 


@ 

produces the hydroxymethyl cation (CH,OH), the electrophilic species. This reacts with 
naphthalene to give 1-hydroxymethylnaphthalene which then reacts with HCl to yield 
1-chloromethylnaphthalene. 


2. CH,=0' + 2 woe: + ZnCl, —> 2(CH,=OH <> CH,—OH] Zc? 


CH,OH oT CH,OH 
@ Cal 
eon mee <> etz.| — 
es 


ra] _ CH,OH 
ate: a2 OIC of no ICS) 


" Gi, | \ CH,Cl 
2.0 

a ) ‘CI: 

or] 


etc. 


When 1-chloromethylnaphthalene is treated with an aqueous solution of 
hexamethylenetetramine, 1-naphthaldehyde is obtained. 


CH,Cl 


CHO 
oS 


1-Naphthaldehyde 


Rules for deciding which ring undergoes electrophilic substitution in substituted 
naphthalene (C,jH7G) under kinetically controlled conditions: 


Rule 1: When one ring contains a deactivating group G, further substitution occurs in the 
unsubstituted ring at an a or 1-position. 


Rule 2: When one ring contains an activating o-G, further substitution takes place in the 
same ring at 4-position, and to a smaller extent at 2-position. An activating B-G, on the 
other hand, produces only 1-substitution product. 


Rule 3: a- or 1-substitution always dominates. 

Concept of alternant polarity as applied to the o-complex for 1l-attack on 
naphthalene by an electrophile (E°) and to use this concept to predict the major 
product from nitration of 1- and 2-nitronaphthalene at 0°C: When the electrophile 
(E®) forms a bond to a carbon atom of the aromatic ring, some positive charges are 
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introduced on adjacent carbons and all other alternating carbons of the ring. This may be 
shown for 1-substitution of naphthalene: 


(Intermediate carbocation 
or o-complex involved in 
1-substitution of naphthalene) 


The —NO, group is a deactivating group. Therefore, further substitution occurs in 
the other ring at an o-position. 1-Nitronaphthalene undergoes nitration at 0°C to give 
1,8-dinitronaphthalene as the major product. This is because attack by the electrophile 


8 
NO, at C-8 does not generate any positive charge on C-1 bonded to the —NO, group. 
1,5-Dinitronaphthalene is obtained as the minor product because of steric strain in the 


® 
C-8 position (peri-interaction) and also because attack by NO, at C-5 generates a partial 
positive charge on C-1 bonded to —NO,; this causes destabilization of the intermediate. 


ot 1 


Partial +ve 


No partial +ve 
Ne E charge on C-1 


20. @ 02 
H NO, charge on C-1 Ne AZ 
OtK 5+ + et 
+ 


H NO», 
Carbocation intermediate Carbocation intermediate 
involved in 8-substitution involved in 5-substitution 
(more stable) (less stable) 


Due to the same basic reason, 1,6- and 1,7-dinitronaphthalene are obtained as the major 
and minor products, respectively, when 2-nitronaphthalene is subjected to nitration. 


Partial +ve 
No partial +ve charge on C-2 1 
charge on C-2 Oo 2 


CORY one | Ze, 
6 ® a 
fo, Oe SF 


Carbocation intermediate Carbocation intermediate 
involved in 5-substitution involved in 8-substitution 
(more stable) (less stable) 
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5.1.5.2 Oxidations 
Oxidation of naphthalene by different oxidizing agents produces different products. For 
example: 


Co. 
(a) Cr 250°C” OG 


1,4- Rack hasten 


COOH 
KMn0O,/H,SO 
6 CO mea OC 
ae ie 


Phthalic acid 
O 
() O./V205/480°C Ce 
O 
Phthalic anhydride 


(d) Ozonolysis of Naphthalene: When treated with ozone naphthalene forms a 
diozonide and this, on treatment with Zn/H,O, gives phthaldehyde and glyoxal. 


H arn 
205 O os Zn/Hj0 . cr . CHO 
© OH CHO CHO 
Naphthalene H’ QO Phthaldehyde Glyoxal 


A diozonide 


5.1.5.3 Reductions 


Naphthalene is reduced to varying degrees by different reducing agents. For example: 


Na/EtOH at 78°C 
(a) ns A 


1,4-Dihydronaphthalene 
or 1,4-Dialin 
1,4-Dialin is unstable, readily isomerising to 1,2-dialin when heated with ethanolic 
sodium hydroxide. 


Na/isoamy] alcohol 


Tetralin 


Heating tetralin in air for 50 h at 70°C and decomposing the peroxide so formed 
with aqueous NaOH produces a-tetralone. 
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A _NaOH , 
Con (6er ox 


a-Tetralone 
(c) When naphthalene is catalytically reduced (under pressure) using nickel, tetraline 
and then deca-hydronaphthalene (decalin) are obtained: 


Cr HL/Ni; 150°C. H,/Ni; 200°C, 
rT ad aNeaaunes “> 
Tetralin Decalin 
(d) Birch reduction: Naphthalene undergoes Birch reduction to give 


1,4,5,8-tetrahydronaphthalene when treated with metallic sodium and liquid 
ammonia in the presence of ethanol. 


0 OO 
a 
EtOH 


Naphthalene 1,4,5,8-Tetrahydro- 
naphthalene 


Mechanism of the reaction The reaction proceeds through the steps as follows: 


NH(/) +Na <> 6(NHs,), + Na® 


(solvated 
electron) 


3 OG Oge |e 
iS) 
Rei Sa 
s) 
2 ae o H_H pln se H 


HHHH H HHH HHHH HHHH 
H HH H 

EtOH 

—-Et0° 


H HHH 
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5.1.6 Derivatives of Naphthalene 
5.1.6.1 Naphthols 


(i) Preparations Both a- and B-napthols occur in coal tar. However they are prepared 
by the alkali fusion of the corresponding sulphonic acid or by heating the corresponding 
amines with dilute H,SO, under pressure. It is to be noted that aniline does not undergo 
the latter reaction. 


SO3H 
1. 1, KOH/fused dil. Po 
2. 2H”  S00°Kipreavare 
1-Naphthalenesul- a-Naphthol 1-Naphthylamine 


phonic acid 


Mechanisms of the reactions Under vigorous conditions the sulphonate salt undergoes 


nucleophilic aromatic substitution (SyAr) in which the —SO$ group is displaced by 
—OH. 


acy. ae OH 078 OH 


29 
Burk “OH? ei “805 
SS) 
H,0° fC) 
—— abe Ct CI as <—__ 


a-Naphthol 


Under vigorous conditions 1-naphthylamine undergoes hydrolysis to yield 1-naphthol as 
follows: 


CNH: H,O NH, H- ONE, 
ae ha, Som, amy OCD 3 OD 
(dil. H,SO)” Co wt 
-NH; 
as @ 
OH OH 
H 
Cer. @ 
a =a H 
a-Naphthol 


a-Naphthol can also be prepared by allowing o-bromofluorobenzene with lithium amalgam 
in the presence of furan followed by hydrolyzing the resulting cyclic ether with dilute 
hydrochloric acid. 
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F eet ) 


a-Naphthol 


Mechanisms of the reactions o-Bromofluorobenzene reacts with lithium to form an 
aryllithium which eliminates LiF to yield the unstable intermediate benzyne. Benzyne 
then adds to furan (a Diels—Alder reaction) to give an adduct which on decomposition with 
hydrochloric acid gives o-naphthol. 


Og ae Ces Ova 
OH _ 


When phenylisocrotonic acid is heated, it cyclizes to yield a-naphthol. 


9 e 
We 


Mechanism of the reaction This is a case of intramolecular anes which takes place as 
follows: 


@ (from another 
am iaatont 


Abi He cle 


(ii) Properties Pure a-naphthol is a colourless solid having melting point 94°C. It dissolves 
in sodium hydroxide solution forming sodium qa-naphthoxide. Unlike phenol it gives a 
violet-blue precipitate of o-binaphthol (4,4’-bis-1-naphthol) with ferric chloride solution. 


OH 
HO v » Cc» OH 


o-Naphthol a-Binaphthol 
(a violet-blue solid) 


a-Naphthol reduces ammonical silver nitrate. It is oxidized by alkaline KMnO, to 
phthalonic acid and by chromic acid to a-naphthaquinone. It is reduced by metallic sodium 
and isopentanol to ar-tetrahydro-1-naphthol (ar-1-tetralol). When itis allowed to react with 
nitrous acid, a mixture of 2-oxime of B-naphthaquinone and 4-oxime of o-naphthaquinone 
is obtained with the former as the major product. 
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OH 
a-Naphthol aay (major) NOH 


(minor) 


Alkaline solution of o-naphthol forms azo dyes by coupling with diazonium salts at the 
4-position. For example: 


assem, yy 
2. Soe ers 
a-Naphthol 0-5°C N=N—Ph 


(A red azo-dye) 


Mechanism of the reaction It is an electrophilic substitution reaction which takes place 
after formation of the naphthoxide salt as follows: 


OH io 


= S eo. 


O 
Se 
H 


=N—Ph 
(|sH° 
OH 
N=N—Ph 


B-Naphthol, a colourless (or occasionally yellow) crystalline solid having melting point 
120°C, resembles a-naphthol in most of its properties, but is more reactive. With ferric 
chloride it gives a green precipitate of §-binaphthol (1,1’-bis-2-naphthol). 


OH HO 
B-Naphthol {2 
B-Binaphthol 


(a green solid) 


It reduces ammonical silver nitrate, and is oxidized by alkaline KMnO, to phthalonic 
acid. It is reduced by metallic sodium and isopentanol to mainly ac-tetrahydro-2-naphthol 
(ac-2-tetralol). It reacts with HNO, to form 1-oxime of B-naphthaquinone (nitroso-f- 
naphthol): 


Cem 


B-Naphthol 
B-Naphthol couples with diazonium salts 


__ HNO, 
“(NaNO,/HCh” 
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fla 
(1-Oxime of 
-naphthaquinone) 
(99%) P 


only in the adjacent c-position; if this position is 


already occupied, no coupling occurs. For example: 


OH ie a 
2 m0HLo , 


B-Naphthol 


B-Naphthol undergoes the Reimer—Tiemann reaction to yield 2-hydroxy-1-naphthaldehyde 


(a red azo-dye) 


when treated with a mixture of chloroform and alkali followed by acidification. 


ci 


B-or 2-Naphthol 


Mechanism of the reaction It is an 
dichlorocarbene, obtained by the reaction 
Substitution occurs at 1-position. 


i 
Hore bei, —"=164.c,6 
Chloroform 


ae eae 


Col 


i H 


H—O 
CAo7 


CHO 


1. CHC1,/OH® aie Ga 
2. H,0° 
2-Hydroxy-1- 
naphthaldehyde 


electrophilic substitution reaction in which 
of chloroform with alkali acts as the electrophile. 


Ly slo, 200k + CE 


Dichlorocarbene 


Lo Nm 
- CT) <> a 


aie Le 


CLC Se: 


i = 


ahs CHO ; 
ocr 

on ae : 
-_ 


Polynuclear Hydrocarbons 5.23 
e 


5.1.6.2 Naphthylamines 


(i) Preparations o-Naphthylamine may be prepared by reducing o-nitronaphthalene with 
iron and hydrochloric acid (yield 80-85%). This method is, in fact, used industrially. It 
may also be prepared from a-naphthol by heating it with ZnCl, and ammonia at 250°C or 
by treating with aqueous sodium hydrogen sulphite and ammonia (the Bucherer reaction). 


OH OH 
Ce NHyZnCl, ay aq. NaHSO,/NH; Cr 
500. (Bucherer reaction) 
B-Naphthol a-Naphthylamine 
fre HCl 
NO, 
a-Nitronaphthalene 


B-Naphthylamine is a very useful compound because most of the 2-substituted naphthalene 
derivatives are prepared from it. It is manufactured by heating 6-naphthol with sodium 
hydrogen sulphite and ammonia. 


os” aq. NaHSO,/NH3 is Conn 
(Bucherer reaction) 


B-Naphthol B-Naphthylamine 


Mechanism of the reaction The mechanism of this reversible reaction involves the steps as 
follows: HSOf + H,O — H,0° + 803° 


chael >. 
cry Tauton.. a * aalitel ae _H0S acres Hs 
So? 


B- ~ 


H H A 
NH -#,0 ‘on, +H? O° 
Oy <a NF io a at. OR 
ae H =e 
§Ss=0 Sos S08 
> 
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The keto-form of the naphthol and the imino-compound produced are stabilized by the 
addition of the sulphite ion. 

B-Naphthylamine is prepared commercially in good yield (94-96%) by heating 2-naphthol 
with aqueous ammonium hydrogen sulphite at 150°C under pressure. 


(ii) Properties o-Naphthylamine having melting point 50°C has an unpleasant odour. 
It turns red on exposure to air. It reduces ammonical silver nitrate and solutions of its 
salts form a blue precipitate with FeCl,. When it is oxidized with boiling chromic acid and 
permanganate, a-naphthaquinone and phthalic are obtained, respectively. 


NH, 
Ma 
a-Naphthylamine o-Naphthaquinone 
NH, 
ae KMn0O, CO,H 
co > eur 
el CO;H 
a-Naphthylamine Phthalic acid 


a-Naphthylamine is reduced by sodium and isopentanol to ar-tetrahydro-1-naphthylamine 
(the prefix ar- is the abbreviation of aromatic and indicates that the four H-atoms are not 
in the ring containing the —NH, group. 


NH, NH, 
Na/( CH3),CHCH,OH > or 
(e; H*) 


a-Naphthylamine ar-Tetrahydro-1-naphthylamine 
or 5,6,7,8-tetrahydro-1-naphthylamine 


1-Naphthylamine couples with diazonium salts in the 4-position. 


NH, 
_PhN;CI? 
0-5° 0-56 


a-Naphthylamine N=N—Ph 
(An azo-dye) 


B-Naphthylamine having melting point 112°C is a colourless compound. It reduces 
ammonical AgNO, but gives no colouration with FeCl . Like the a-isomer, it is oxidized 
to phthalic acid by permanganate. But with metallic sodium and isopentanol, it is reduced 
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to 1,2,3,4-tetrahydro-naphthylamine. It couples with diazonium salts at 1-position; if it is 
occupied, no coupling takes place. 


COOH NH NH 
KMn0O, 2 Na/Me,CHCH,OH Cry D) 
erat 10) (eH) 7 


Phthalic acid B-Naphthylamine 1,2,3,4-Tetrahydro- 
naphthylamine 


[ator 


N=N—Ph 


(An azo-dye) 


5.1.6.3 Naphthaquinones 


Although theoretically six naphthaquinones are possible (1,2-, 1,4-, 1,5-, 1,7-, 2,3- and 
2,6-), only three are known (1,2-, 1,4- and 2,6-). However, derivatives of 2,3-naphthaquinone 
have been prepared. 


1,2-Naphthaquinone 1,4-Naphthaquinone 2,6-Naphthaquinone 
(B-Naphthaquinone) (a-Naphthaquinone) (Amphi-naphthaquinone) 
(i) Preparations 1,4-Naphthaquinone or a-naphthaquinone or 1,4-dihydronaphthalene- 
1,4-dione may be prepared by the oxidation of 1,4-diamino-, dihydroxy- or 
aminohydroxynaphthalene. 


NH, OH 
" “e oO 
NH, OH 


daehechin cuteor 


If may be also be prepared by the direct oxidation of naphthalene with K,Cr,O0,/H.SO, 
or CrO./AcOH. It is commercially prepared by aerial oxidation of naphthalene in the 
presence of a suitable catalyst. 


O 
O,(air) 
—__> 
Naphthalene O 


1,4-Naphthaquinone 


Boch te chet ieecseeca cae acacia lOc ct aaisicap aa di aeeeeaet ates Orga Ce ig a Modena eae 
1,2-Naphthaquinone or f-naphthaquinone or 1,2-dihydronaphthalene-1,2-dione may 
be prepared by oxidising 1-amino-2-naphthol hydrochloride with ferric chloride in 
hydrochloric acid (yield 93-94%). 


NH,-HCl O 

OH O 
— 
1-Amino-2-naphthol 1,2-Naphthaquinone 
hydrochloride 


2,6-Naphthaquinone or amphi-naphthaquinone or 2,6-dihydronaphthalene-2,6-dione can 
be prepared by oxidising 2,6-dihydroxynaphthalene in benzene solution with ‘active’ lead 
oxide (prepared by decomposing lead tetraacetate with water). 


HO [O] O 
2,6-Dihydroxynaphthalene 2,6-Naphthaquinone 


(ii) Properties 1,4-Naphthaquinone is a volatile yellow solid (m.p. 125°C) with a 
pronounced odour. Chemically it resembles p-benzoquinone in many ways, but it cannot 
be reduced by sulphurous acid. It is reduced by Sn/HCl to 1,4-dihydroxynaphthalene or 
naphthalene-1,4-diol and oxidised by nitric acid to phthalic acid. It reacts with hydroxyl 
amine to form a monoxime. In the solid state if exists as oxime, but in solution, the oxime 
form predominates in equilibrium with the nitrosophenol form. It can be converted to 
indane-1,3-dione (1,3-diketohydrindene) by treating with nitrous acid. 


O OH 
CO:H uno, Sn/HCl 
oes OO Se OOO 
O OH 
Phthalic acid 1,4-Naphthaquinone 1,4-Dihydroxynaphthalene 
oO» 
Ss . [sso 
HP 


O N—OH N=O 
od ~ 
O O OH 


Indane-1,3-dione (predominates) 
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It undergoes the Diels—Alder reaction with butadiene to give an adduct. 


O O 
COG B26 OOO 
O O 


1,2-Naphthaquinone is a non-volatile, odourless, red solid. It decomposes at 115-120°C. 
When it is treated with chlorine-water (or with hypochlorous acid), fission of the quinone 
ring with simultaneous hydroxylation occurs to yield phenylglyceric-o-carboxylic lactone. 


rm O rm O i OH il 
ae, Oe OI coat “CIC 
HoH OH = HOCH~ tee 


1,2-Naphthaquinone A lactone 


2,6-Naphthaquinone is an orange, non-volatile, odourless solid having melting point 
135°C. 


5.2 ANTHRACENE AND ITS DERIVATIVES 


Anthracene, C,,Hj), having melting point 216°C, is a sublimable crystalline solid with blue 
fluorescence that forms a red picrate with picric acid. It is obtained from the anthracene 
oil fraction of coal-tar by cooling the latter and pressing the solid (that crystallises out) 
free from the liquid. The anthracene cake thus obtained is powdered and then washed 
successively with ‘solvent naphtha’ and pyridine to dissolve phenanthrene and carbazole 
respectively. Pure anthracene is then obtained by sublimation. Alternatively, after removal 
of phenanthrene, the remaining solid is fused with KOH, whereby potassio-carbazole is 
formed. The unreacted anthracene is then sublimed out of the melt and recovered. 


5.2.1 Nomenclature and Isomerism 
Only ten carbon atoms in anthracene are either numbered or designated by Greek letters. 
: 8 9 1 ‘ 8 a Y a F 
Cee 2 Geo 
5 10 4 a Y a 
In this structure, 1,4,5, and 8 positions are equivalent, 2,3,6, and 7 positions are equivalent 
and 9 and 10 positions are equivalent, i.e., there are three non-equivalent positions in the 


molecule. Hence, three isomeric mono substituted anthracene derivatives are possible. In 
the case of disubstituted derivatives, 15 isomers are possible when both substituents are 


the same. 
Br 
COCH 
: 


9-Bromoanthracene 1-Acetylanthracene 
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5.2.2 Structure of Anthracene 


The structure of anthracene has been established from the following facts and conclusions 
therefrom. 


1, 


Elemental analysis and molecular weight determination of anthracene show that 
its molecular formula is C,,Hjo. 

It exhibits the properties of both aromatic and unsaturated compounds. Thus, one 
mole of it adds one mole of Bro, Cl, and H, and two moles of metallic sodium. It 
undergoes sulphonation directly treated with conc. H,SO,. 

Fourteen H-atoms are required for its complete hydrogenation in the presence 
of Ni catalyst. The molecular formula of the resulting compound is C,,Ho,. 
The molecular formula of an open-chain saturated hydrocarbon consisting of 
14 C-atoms is C,,H39. If these two molecular formulas are compared, we see that 
the completely hydrogenated product of anthracene contains 6 H atoms less than 
the corresponding open-chain hydrocarbon. This suggests that anthracene contains 
seven z-bonds in a three-ring system. 

When anthracene is oxidized with chromic acid (Na,Cr,0O, plus H,SO,), 
anthraquinone (C,,H,O,) is obtained; this on Zn dust distillation gives back 
anthracene. This observation indicates than on oxidation anthracene retains 
its cyclic structure and anthraquinone is a derivative of anthracene. Therefore, 
if the structure of anthraquinone can be established, the carbon skeleton of 
anthraquinone will be known and then the carbon skeleton of anthracene will 
also be known. When o-benzoylbenzoic acid is treated with phosphorus pentoxide, 
anthraquinone is obtained. The structure of anthraquinone has, therefore, been 
established. 


O 
C 
_POs : 
or io meee 
COOH C 
o-Benzoylbenzoic acid Anthraquinone I 


Hence, it becomes clear that anthraquinone contains the carbon skeleton I. 
Therefore, anthracene also contains the carbon skeleton I. 

The following degradation reactions also supports the presence of the carbon 
skeleton I in anthracene. 


(a) Cy4Hjp—2> C,,H Br ea cae C,,H,oH —2, 
7743) 


CO.H COOH 
+ 
é ha é . 
Phthalic acid 6 
o-Benzoyl- 


benzoic acid 
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(b) C,H yo 3 Anthraquinone oe . os y@) 
2 


6. The presence of the carbon skeleton I in anthracene has also been established by 
the fact that when two moles of o-bromobenzyl bromide is allowed to react with 
metallic sodium, a dihydroanthracene is obtained which is identical with that 
obtained on reduction of anthracene by Na(Hg)/alcohol. Dihydroanthracene on 
mild oxidation produces anthracene. 


Br nner Wurtz—Fitti Na(Hg) 
urtz—Fi ree a(Hg 
CI +4Na+ OS aa Seer ‘Alechel <———= _ Anthracene 
CH>)Br 


ee ee 


(Cy4Hy») 
| [O] 


Considering all these facts anthracene can be represented as a linear combination of three 
benzene rings in which the terminal rings are fused at o-positions of the middle ring as 


represented below (A). 
Cee 


A 
The structure of anthracene has been confirmed by a number of syntheses. For example, 
it can be prepared from p-benzoquinone and butadiene as follows: 


O 
Coe Se “Sy Bist Alder, seen Zn(Hg) 
Sr Iw HCl 
O 


p-Benzoquinone 
Ceara 


Anthracene 


5.2.3 Synthesis of Anthracene 
Anthracene can be synthesized by the methods such as follows: 
5.2.3.1 Friedel-Crafts Alkylation 


Synthesis of anthracene may be carried out by this reaction using three different substrates: 

(i) Friedel-Crafts alkylation between two benzyl chloride molecules produces 

9,10-dihydroanthracene which readily eliminates two H-atoms under the reaction 
condition to yield anthracene. 
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ee. aaa cee) jo ee 


: : Anthracene 
Benzyl chloride 9,10-Dihydroanthracene 


(ii) Friedel-Crafts alkylation of benzene with methylene dibromide (CH,Br,) also 
produces anthracene. 


CH.Bro oH 
Or om lOO] + asc 


Anthracene 
Gi) Anthracene is also obtained when Friedel-Crafts alkylation of benzene is carried 
out with acetylene tetrabromide. 


OF. om (omo]-acne 


CH 
Br~ "Br (unstable and Anthracene 
Acetylene tetrabromide undergoes ready 


ring opening) 


CH2Bro 


5.2.3.2 Elbs Reaction 


The Elbs reaction involves pyrolysis of a diaryl ketone containing a methyl or methylene 
group ortho to the carbonyl group. For example, o-methylbenzophenone produces 
anthracene when heated at 410°C. 


O 
Ih 
C 
CO “as OS 


Anthracene 
o-Methylbenzophenone 


5.2.3.3 Diels-Alder Reaction 


The Diels—Alder reaction between 1,4-naphthaquinone and butadiene followed by oxidation 
of the product with CrO, in glacial acetic acid leads to the formation of anthraquinone. 
This, on distillation with zinc dust, produces anthracene. 


O O 
Cog B Diels-Alder, seer Cr0/is0H 
O O 


1,4-Naphthaquinone Anthraquinone 


Zn dust 
distillation 


Polynuclear Hydrocarbons 5.31 


Position of the double bond in anthracene Anthracene is best regarded as a resonance 
hybrid of four resonance structures: 


Wo 
Ill 


I II IV 


Among these four resonance structures (I) and (III) are more contributing because they 
contain the maximum number of benzenoid rings (Fries rule). 


Assuming equal contribution of each of the canonicals the double bond character of the 
various bonds and the bond lengths in A units (as determined by X-ray diffraction method) 
are shown in the following structures (V) and (VD), respectively. 


3, 
V2\5 3/4 1.3994 °° 1 366 
1/4 1.419 


(V) (VI) 
5.2.4 Reactions of Anthracene 


Resonance energy of anthracene is 84 kcal/mol (351.3 kJ/mol). The value is much less than 
the combined resonance energy of three benzene rings (3 x 36 = 108 kcal/mol). Therefore, 
anthracene is less stable than benzene and consequently more reactive. 


Reactions 


(a) Electrophilic substitution and addition reactions When anthracene is subjected to 
an electrophilic substitution reaction, it produces preferably 9- or 9,10-disubstituted 
product or 9,10-addition product. The reason for preferential substitution or addition at 
9,10-positions can be easily understood by considering the stabilities of the intermediate 
carbocations or o-complexes for attack at 1-, 2- and 9-positions (only these positions are 
non-equivalent). 


; E H E H 
1-Attack ) 
- —- <> ete 


IE o-Complex 2 


ew 4 ® oF 1 Less stable 
7 2 E®| 2-Attack 
6 3 > H <—> etc. 


5 io 4 I: 
Anthracene o-Complex 


= r H 7 
Rasa <—> ete, | == More stable 
® 


o-Complex 
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The electrophilic attack at C-1 or C-2 leads to an intermediate carbocation or o-complex 
that contains a naphthalene system, whereas the attack at C-9 gives an intermediate 
carbocation in which there are two benzene rings. Since the resonance energy of the two 
benzene rings (2 x 36 = 72 kcal/mol) exceeds that of one naphthalene moiety (61 kcal/ 
mol), the intermediate carbocation for attack at C-9 is most stable among the three. The 
reaction, therefore, takes places preferably through this most stable intermediate which 
subsequently loses a proton to yield the 9-substituted product or adds a nucleophile to give 
the 9,10-addition product. 


E. .H E 
ig 
: Substitution product 
| 
EK. /H E, /H 
Cie Lit 
ae 
Intermediate carbocation Nu H 
ton O-atback Addition product 


(i) Halogenation Bromination of anthracene takes place at the 9-position to give 
9-bromoanthracene. 


Br 
cro 
a> 


9-Bromoanthracene 


There is also a tendency for simultaneous addition of bromine to take place at 9- and 
10-positions. The resulting addition product, when treated with base eliminates a molecule 
of HBr to yield 9-bromoanthracene. 


H Br H Br 
D or e Way sic) 
aa a Os 
ie ns 
Anthracene H ( Br hes 
9,10-Dibromo-9,10- 
dihydroanthracene 
Br 
< 


9-Bromoanthracene 
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Bromination of anthracene in boiling CCl, solution gives 9,10-dibromoanthracene (83— 
88% yield) 

When chlorine is passed in a cold solution of anthracene in carbon tetrachloride and the 
resulting 9,10-dichloro-9,10-dihydroanthracene is heated or treated with alkali, 9-chloro- 
anthracene is obtained. 


H el. 

:OH® 
ace — oe ee okt 
Anthracene H (Cl 9-Chloroanthracene 

9,10-Dichloro-9,10- 
dihydroanthracene 


Sulphuryl chloride, at room temperature, converts it into 9,10-dichloroanthracene. 


The best method of preparing 9-chloro- or 9-bromoanthracene is to heat anthracene with 
the corresponding cupric halide in carbon tetrachloride solution (98-99% yield). 


(ii) Nitration Attempts to nitrate anthracene with aqueous HNO, lead to the formation of 
anthraquinone by oxidation. However, when the nitration is carried out in acetic anhydride 
at 15—20°C, 9-nitroanthracene and 9,10-dinitroanthracene are obtained. At 294°C it gives 
9,10-dinitro derivative predominantly. 


Cee Ny a (Anthraquinone) 


Anthracene 
ahs 
CI) tare ace OGG 
— 15-20°C 
Anthracene 9-Nitroanthracene 


9, sfeiieoeien ieee 


(iii) Sulphonation When sulphonation of naphthalene is carried out at high temperature, 
the 2-sulphonic acid is obtained predominantly. However, when sulphonation is carried 
out in glacial acetic acid under milder conditions, a 1:1 mixture of 1- and 2-isomers is 
obtained. Unlike naphthalene-1-sulphonic acid, the 1-isomer does not rearrange to give 
the 2-isomer at higher temperature. 
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a 
Anthracene Anthracene-2- Anthracene-1- 
sulphonic acid sulphonic acid 
(major) (minor) 


al 
H,SO,/AcOH ie cr 
(mild) 


Al:1 mature 


(iv) Friedel-Crafts reaction Friedel—Crafts acylation of anthracene with acetyl chloride in 
nitrobenzene as solvent produces 1-acetyl derivative as the major product. However, the 
major product in ethylene dichloride is 9-acetyl derivative. 


COCHs3 COCH3 
CH,COCVAICI, CH,COCYAICI, 
+= HO, PhNO, > 
9-Acetylanthracene Anthracene 1-Acetylanthracene 


Friedel-Crafts alkylation of anthracene with bulky alkylating agents such as ethyl 
allylacetate in CS, as solvent at 0—20°C gives the 2-substituted anthracene as the major 


product. 
AIC, 
“GS, (trace HCD ” (trace HCl) 


CO2Et CO.Et 


The preference of 2-position over 1- and 9-positions is attributed to the steric hindrance 
between the approaching bulky reagent and the peri-hydrogen. 


(v) Chloromethylation Anthracene undergoes chloromethylation when treated with 
formaldehyde and HCl in the presence of zinc chloride to give 9-chloromethy! anthracene. 


CHCl 
_HCHO/HCI , 
CL) pally inl,” ZnCl, es 
Anthracene 9-Chloromethyl- 


anthracene 
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(vi) Vilsmeier-Haak formylation Anthracene undergoes formylation at C-1 when treated 
with PhNMeCHO in the presence of phosphorus oxychloride (POCI;) followed by treating 
the resulting iminium ion with water. 


CHO 
1. PhMeNCHO/POCI/A_. 
2. H,O 


Anthracene 9-Formylanthracene (84%) 


(b) Diels-Alder reaction Anthracene undergoes the Diels-Alder reaction in the 
9,10-positions to form endo-anthracene anhydride. 


pp 
Cc D-A 
CSO Bs 
Cc 
Diene Ny 
Dienophile Adduct 


It also reacts with benzyne to form triptycene. 


Cy 
D_A triptycene 
CIS 9 — 


Diene Dienophile Adduct 


(c) Oxidation It is less resistant towards oxidation than naphthalene and readily forms 
9,10-anthraquinone when oxidized with potassium dichromate in H,SO,. 


a aoa sgn CIC 


Anthracene 
9,10- hee sateen 


Anthracene undergoes peroxidation, 1.e., addition of a molecule of O, to form a 9,10-peroxide 
in low yield in the presence of light. 


oP 


CICS +02 > vY 
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Anthracene forms a dimer when its solution in xylene is exposed to light. 


Li Oa 
ARO) 


COPS 
HO) 
(d) Reduction Sodium and ethanol reduces anthracene to 9, 10-dihydroanthracene. 
__Na/EtOH _, 
reflux (e; H*) 
Anthracene 9,10-Dihydroanthracene 


Catalytic reduction of anthracene using nickel at 200—250°C gives, according to the amount 
of hydrogen used, tetra-, hexa- and oxtahydroanthracene, and finally perhydroanthracene 


(Cy4Ho,4). 
a 
—Ni/200-250°C > 


Anthracene Perhydroanthracene 


5.2.5 Derivatives of Anthracene 


5.2.5.1 Hydroxyanthracenes 


1- and 2-hydroxyanthracenes, known as 1- and 2-anthrols are obtained by fusing the 
corresponding sulphonic acids with alkali. 10-Hydroxyanthracene having melting point 
120°C is an unstable compound and readily tautomerizes to give stable anthrone (m.p. 
154°C). 


one 


10-Hydroxyanthracene ae 
or anthranol (stable) 
(unstable) 


(In anthrone or 10-keto-9,10-dihydroanthracene, the keto-group is numbered last and 
consequently its enol tautomer is known as 10- and not 9-hydroxyanthracene.) 
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Anthracene-9,10-diol or anthraquinol or anthrahydroquinone is a brown solid having 
melting point 180°C. Its alkaline solution (deep red) undergoes oxidation in air to give 
anthraquinone. When anthraquinol in alkaline solution is immediately acidified, it partly 
tutomerizes to oxanthranol (m.p. 167°C). 


OH O 
OH H OH 


Anthraquinol Oxanthranol 


5.2.5.2 Anthraquinones 


Out of nine possible isomeric anthraquinones only three are known and these are 1,2-, 
1,4- and 9,10-anthraquinones. The last one is commonly known as anthraquinone. It is a 
pale yellow solid having melting point 280°C. It is quite stable and sublimes as needles. It 
produces various reduction products depending upon the reducing agent used. 


H,. (OH 


Zn Sn/HCl er IS 
. NH,OH (H] 


9,10-Dihydroanthra- 


quinol Ins — ee 
O 


Cee ie 
Anthraquinone 
Zn/HCl ZaINsO 
eae OH 


Bianthryl Anthraquinol 
(dimer) 


Anthraquinone, the most important derivative of anthracene in view ofits wide applications 
in dye industry can be prepared by oxidizing anthracene with Na,Cr,O, and H.SQ,. It 
can be prepared commercially by catalytic oxidation of anthracene or the Friedel—Crafts 
reaction involving phthalic anhydride and benzene. 


Anthraquinone is readily sulphonated with fuming H,SO, (oleum) at 160°C to give 
2-sulphonic acid as the major product. However, the 1-isomer is the major product when 
mercuric sulphate is used as a catalyst. Anthraquinone-2-sulphonic acid is largely used in 
the manufacture of anthraquinone dyes. 
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O 
2 OOo 


O 
Avice inate Anthraquinone-2-sulphonic 
acid 


Alizarin (1,2-dihydroxyanthraquinone), an anthraquinone mordant dye can be synthesized 
by fusing anthraquinone-2-sulphonic acid with NaOH in the presence of sodium nitrite 
(NaNO,) or potassium chlorate (KC1O3) in an autoclave at 200°C. 


O O OH 
660k. Oe 
NaNO, jprassuna” 
Anthraquinone-2-sulphonic Kizarin 
acid (a dye) 


5.3 PHENANTHRENE AND ITS DERIVATIVES 


Phenanthrene (C,,Hj,) is isomeric with anthracene. In phenanthrene the three benzene 
rings are angularly fused. It occurs in the anthracene oil fraction of coal-tar, and is separated 
from anthracene by washing with solvent naphtha which dissolves phenanthrene. It is a 
solid having melting point 99°C and gives blue fluorescence. With picric acid it forms a 
picrate. 


5.3.1 Nomenclature and Isomerism 


The ring carbons in phenanthrene are numbered as shown below: 


There are five monosubstituted derivatives of phenanthrene because there are five non- 
equivalent positions. Twenty five disubstituted products are possible if the two substituents 
are identical. 


5.3.2 Structure of Phenanthrene 


The structure of phenanthrene has been established from the following facts and 
conclusions therefrom: 
1. Elemental analysis and molecular weight determination suggest that the molecular 
formula of phenanthrene is C,,Hjo. 
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2. Phenanthrene has seven double bonds as it consumes seven molecules of hydrogen 
to yield perhydrophenanthrene on catalytic hydrogenation. 

3. Ozonolysis (followed by oxidation) or oxidation with peracetic acid produces diphenic 
acid. This observation suggests that the three benzene rings in phenanthrene are 
angularly fused. 


1; a MNO 2 5 H,0, oe oy 
Polo 7 oS O0H aera aa 


ee a 
Therefore, the structure of phenanthrene is that as shown above. 


Positions of the double bonds in phenanthrene Phenanthrene may be represented as a 
hybrid of the following five resonance structures. 


Or HOG Os Or +o 


Its resonance energy is 387.0 kJ/mol or 92.5 kcal/mol. The partial double-bond character 
of the various bonds in phenanthrene is shown in the following structure. 


3/5_2/51/5 
2/5 5 
2/5 


3/5 4/5 


5.3.3 Synthesis of Phenanthrene and Its Derivatives 


The five important methods for the synthesis of phenanthrene are as follows: 
5.3.3.1 Haworth Method 


Succinoylation of naphthalene produces two isomeric keto acids. These are #(1- 
naphthoyl)propionic acid (I) and B-(2-naphthoyl)propionic acid (II). These two isomers 
can be readily separated. Clemmensen reduction affords y(1-naphthyl)butyric acid (IIT) 
and ¥(2-naphthyl)butyric acid (IV), respectively. Acid-catalyzed cyclization produces 
1-keto-1,2,3,4-tetrahydronaphthalene (V) and 4-keto-1,2,3,4-tetrahydronaphthalene (VI). 
Clemmensen reduction followed by aromatization (by heating with palladized charcoal) of 
either isomer produces phenanthrene. 
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: oH, —0f 
br, 0c 


Ss 
Naphthalane = 
Succinic anhydride 
anhy. AICl;/PhNO, 
(Friedel-Crafts) 
v v 
C ee HO,C HO,C 
HO,C Zn/(Mg) COOH Cre O Zn/Hg) Coe 
CLS HCl HCl 
lll I II IV 
HF 
or PPA 
HF or PPA 6 
ay O 1. el og VHCL ak 1. Zn(Hg)/HCl eto PS 
2. <D Pacha C/A 2: <oPaciA C/A 
a Phenanthrene VI 


Since there are five non-equivalent positions (1,2,3,4 and 9) in phenanthrene, five 


methylphenanthrenes are possible. Synthesis of these compounds based on Haworth 
method are outlined below: 


1 and 4-methylphenanthrenes 


O AS 
= eGo, 
X 


Naphthalene O (Friedel-Crafts) 
Succinic lp nea 
anhydride 1. Zn(Hg)/HCl1 1. Zn(Hg)/HCl1 
. Zn(Hg n(Hg) 
Comme 2. HF == HF 


ay <i: MeMgl_ ake ad 
2. <.H,0° 
3. Se/A 
1-Methylphenanthrene Me 
1. MeMgI 


2.H30 
3. Pd-C/A 
4-Methylphenanthrene 
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2 and 3-methylphenanthrene 


CH 
Ox Cle : Ho.) 


20 
og as ooh oo 0 
CH,—Coé  PhNO, > 
Naphthalene SO. (Friedel-Crafts) K 


(separated) 
; 1 Zn(Hg)/HCl 
2. HF 


(Clemmensen (Clemmensen 


er aS. 
ue Cc ne) 


1 Zn(Hg)/HC1 
2. HF 


oh eg) 
a 
Zn(Hg) 
Pd-C 
< HCl 
(Clemmensen) 


3-Methylphenanthrene 


5.3.3.2 Bardhan-Sengupta Method 


This method involves (i) treatment of ethyl cyclohexanone-2-carboxylate (a [-keto 
ester) with 2-phenylethyl bromide in the presence of potassium followed by hydrolysis 
and decarboxylation to yield a ketone, (ii) reduction of the resulting ketone to form the 
corresponding alcohol and (iii) acid-catalyzed cyclization of the resulting alcohol (after 
dehydration) followed by aromatization by heating with selenium to yield phenanthrene. 


CO.Et 
Br 1.KOH/H,O 
4. i) ‘Ky 6 2. dil. HCl Se 
0 ae 
ether 


o ee gC ae ais 


Phenanthrene 
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The starting materials are prepared as follows: 


. Ca Mg cr 1. ran CH,CH,OH HBr ce 
(i) “ether” 2. Hy 2H.” 


Bromobenzene 2-Phenylethyl- 
bromide 
O CO,Et O O 
© P+ RE Be Chicco or CL 
CO,Et Claissen) COoCcOsEt —<° CO,Et 
Cyclohexane Diethyl Ethyl cyclohexanone- 
oxalate 2-carboxylate 


5.3.3.3 Bogart-Cook Synthesis 


This method involves treatment of 2-phenylethylmagnesium bromide with cyclohexanone 
and cyclization of the resulting tertiary alcohol with concentrated sulphuric acid or 
phosphorus pentoxide followed by aromatization by heating with selenium. 


CH, 
CHe Ho) 
Ce age 1 Be, Et,O s conc. HpSO4 
c T CHO ” 


2-Phenylethylmag- Cyclohexanone 


nesium bromide 
OM or - 
a 


Phenanthrene 


5.3.3.4 Pschoor Synthesis 


This method provides a means of preparing phenanthrene and substituted phenanthrenes 
with substituents in known positions. The synthesis of phenanthrene may be outlined as 
follows: 


CHO NaO.CCHy cH_c-C OH — 
(CH3CO),O. a 1. 
no, = v>» ; NO; 2. NaNO./H,S0, 
0-5°C 
O-Nitroben- Sodium 
zaldehyde phenylacetate 
/COoH 


< CH=C 


Ne 
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o-Nitrobenzaldehyde is subjected to the Perkin reaction with sodium phenylacetate in the 
pressence of acetic anhydride to produce a-phenyl-o-nitrocinnamic acid. This nitro acid on 
reduction produces the corresponding amino acid which is then diazotized. The resulting 
diazonium salt is treated with Cu and H,SO,. Phenanthrene-9-carboxylic acid is produced 
and this on strong heating, forms phenanthrene. 


5.3.3.5 Johnson Method 


This method has been used to prepare phenanthrene derivatives by using the Stobbe 
condensation reaction. For example, 1,4-dimethylphenanthrene can be prepared from 
2-acetylnaphthalene as follows: 


om 
lee ani ja (CH;);COK Oe ta wes 
CH,CO,Et (Stobbe) on Gog 
2-Acetylnaphthalene —_ Diethyl succinate ° 
HBr/CH,;COOH 
reflux 
6,CCH, Ke p - ¢ é 


Aion a cxcrhon en SC fr 


O IO oe] 
HF CH; 1. _1.CH:Mgl . "a Pd-C oe 
aor 2. 2H!” cr 


1,4-Dimethy]l- 
phenanthrene 


5.3.4 Reactions of Phenanthrene 
5.3.4.1 Electrophilic substitutions 


Phenanthrene undergoes electrophilic substitution reaction at 9-position and addition 
reaction at 9,10-positions. The electrophilic attack at 1-, 2-, 3- or 4-positions leads to an 
intermediate carbocation (o-complex) in which a naphthalene moiety is retained, whereas 
the electrophilic attack at 9-position gives an intermediate carbocation in which two 
benzene rings are retained. Since the resonance energy of two benzene rings (2 x 36 = 
72 kcal/mol), the intermediate for 9-attack is most stable among the five, electrophilic 
substitution occurs at 9-position and addition occurs at 9,10-positions. 
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eo) ®@ 
1-Attack i . oy . 
Oy Fe OC rs 


E 
2-Attack ce H \. stable 
7 Sak ee 


CIT rete 


oS 


3-Attack 
Se etc. 


i EK 6 
4-Attack H Co H ae 
Ore Con 
More stable 
9-Attack 7 intermediate 


ie) 
7 10 
8 9 


Phenanthrene 


iy | > te, 
EH 
ae 
ier ~ 
Cf al _J (Substitution product) + NuH 
<J 
E H E 


—- 
Cm S 
2Nuy Nu_ (Addition product) 


H 
E H 


Intermediate 
for 9-attack 
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(i) Bromination When bromine is added to a refluxing solution of phenanthrene in carbon 
tetrachloride, 9-bromophenanthrene is obtained. 


ec) Se ) 
defo 


Phenanthrene 


9- peamepeciawtunene 


This is, in fact, the starting material for the synthesis of 9-substituted phenanthrenes. 
For example, when heated with cuprous cyanide at 260°C, 9-bromophenanthrene forms 
the corresponding cyano-compound; this may be hydrolysed to phenanthrene-9-carboxylic 
acid. 


(ii) Nitration When nitrated, phenanthrene gives 3-nitro-phenanthrene predominantly. 


(iii) Sulphonation Sulphonation of phenanthrene gives a mixture of 1-, 2-, 3- and 
9-phenanthrenesulphonic acids, and the ratio of these isomers depends on the temperature. 


(iv) Friedel-Crafts reaction Phenanthrene undergoes the Friedel-Crafts reaction mainly 
in the 3-position. 


(v) Chloromethylation Phenanthrene undergoes chloromethylation mainly in the 
9-position. 


NO, COCH, 


ed eHNOs ca CH;COCl . C3 
<,50, ~ AIGh. * 


(major) oneal (major) 
ZnCl, 


Because of great number of isomers, derivatives of phenanthrene are usually prepared 
synthetically and not by direct substitution in the phenanthrene nucleus. 


5.3.4.2 Reduction 


Phenanthrene is readily reduced in the presence of copper oxide-chronic oxide catalyst to 
give 9,10-dihydrophenanthrene. 
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Cm @) 
an 
Ce (CuO—Cr,03) eo 


Phenanthrene 9,10-Dihydrophenanthrene 


5.3.4.3 Oxidation 


When phenanthrene is oxidized with sodium dichromate and sulphuric acid or CrO, 
is glacial acetic acid, phenanthraquinone or 9,10-dihydrophenanthrene-9,10-dione is 


obtained. 
cI NajCr,07/H280, @ 
ck or or Gr0,/AcOH ” Th, 


Phenanthrene 


Pies atin 


5.3.5 Phenanthraquinone 


Phenanthraquinone may be prepared by oxidation of phenanthrene by the method given 
above. It is an orange solid having melting point 208°C. It is odourless and not steam- 
volatile. 

It reacts with one or two molecules of hydroxylamine to form phenanthraquinone 
monoxime and dioxime, respectively. It is reduced by H,SO, to phenanthrene-9,10-diol 
(phenanthraquinol). When it is distilled with zinc dust, phenanthrene is obtained. 

When nitrated, phenanthraquinone produces a mixture of 2- and 4-nitrophenanthra- 
quinones. Oxidation with Na,Cr,O, and H,SO, converts phenanthraquinone into diphenic 


acid. 
se ReOnOri801,, 
Se 


COOH 


ee eee Diphenic acid 


When warmed with alkali, phenanthraquinone undergoes the benzilic acid rearrangement 
to yield 9-hydroxyfluorene-9-carboxylic acid. 


1. KOH ca 
2.H,0°” 
HO 


CO.H 
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When this acid is heated in air, it undergoes decarboxylation to give fluorenol which 
readily undergoes oxidation to give fluorenone. 


fine adi Die ers 


Phenanthraquinone readily combines with o-phenylenediamines to form phenazines 
which are useful for characterizing o-phenylenediamines and this is because they are 
insoluble in many organic solvents. For example: 


Phenanthraquinone o-Phenylenediamine (insoluble) 


SOLVED PROBLEMS 


1. Predict the product and suggest a mechanism for each of the following 


reactions: 
conc. H,SO,4 NaOH-KOH(1:1) 
> 
ocr =i w Ca 
HO,C O 
Solution 


(a) In the presence of strong acid (powerful ionizing medium), protonation occurs on 
the less favoured hydroxyl oxygen instead of carbonyl oxygen to produce, after 
water loss, an acylium ion. Intramolecular acylation yields a-tetralone. 


Of On, - 


a-Tetralone 
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(b) When o-tetraloneis heated witha 1:1 mixture of NaOH-KOH at 220°C, naphthalene 
is obtained. 
The mechanism of the reaction involves tutomerization followed by base-catalyzed 
rearrangement and dehydration 


L we 9 )\ OH 


<> > | H 
S H 
a-Tetralone ‘One 
= Vv _ 


-OH 
Naphthalene HH oo 


2. What happens when: (a) 4-phenylbut-3-enoic acid is heated with 
concentrated sulphuric acid and the resulting compound is heated with 
Zn dust, (b) 4-phenylbut-1-ene is passed over red-hot CaO (catalyst). 
Solution 
(a) When 4-phenylbut-3-enoic acid is heated with conc. H,SO,, it undergoes cyclization 
to form o-naphthol which on heating with Zn dust yields naphthalene. 


S . H,SO tautom. 
O OH 


CO.H (-ZnO) 


4-Phenylbut-3- a-Naphthol Naphthalene 
enoic acid 


(b) When 4-phenylbut-1-ene is passed over red-hot CaO, naphthalene is obtained as a 
result of elimination of two H, molecules. 


red-hot CaO 
> 
=a (-2Hy,) 


4-Phenylbut-1-ene Naphthalene 
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3. How would you prepare the following compounds by Haworth Synthesis? 
(a) 1-Isopropyl-7-methylnaphthalene (b) 2-isopropylnaphthalene 
Solution 


CO.H 
Me . CHC AICI, Me ‘ Zn(Hg)/HCl1 
(a) K ] CH,—C /Y “Friedel-Crafts” 


ING acylation) 
O 


ini > (Cl ) 
Toluene Succinic emmensen 
anhydride 
CHMe, 
CO.H 
1. 1 MoiCH Meer Nise cone. cone. H,80, 
2. CHO <a PPA 
CHMe, 
Me 
Pd-C/A ie 
(—Hg) 
(areinatization) 


1-Isopropyl-7-methy]l- 
naphthalene 


O 
__ CZ 
s@) re ‘ig ae anhy. AICI; lon Zn(Hg) 
/~ (Friedel-Crafts HCl 
(b) Me oCH: CHy—Cy acylation) CMe, HO,C_ (Clemmensen) GHMe, HO.C 


conc. H,SO,4 
Pd-C or Se <_2nteyHC!__ 
* (Clemmensen) 
CHMe, 6 CHMe, 


(aromatization) 


a ae 


2-Isopropylnaphthalene 


4, Predict the products expected to be formed when toluene and 
2-methylnaphthalene are oxidized by CrO.,/AcOH and explain. 


Solution The methyl group of toluene (PhCH3) is more susceptible to oxidation than the 
aromatic ring and so, the oxidation product is benzoic acid (PhCOOH). On the other hand, 
in 2-methylnaphthalene, the reactive 1-positions are more easily oxidized than methyl 
and so, under these conditions of oxidation, the predominant product is 2-methyl-1,4- 
naphthaquinone. 
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O 
Cy oan, CrOs/AcOH cr. cc, = CrO,/AcOH Cee CH, 
~ 60-90°C ” 
Toluene Benzoic 2-Methyl- O 
acid naphthalene 2-Methyl-1,4- 
naphthaquinone 


5. Give the al expected to be formed in each of the following reactions: 


(a) ayy enermon, et CH, (b) cro Br,/FeBr; 
(CH3CO),O/AICI, OEt conc. HNO3 
(c) CS, (d) conc. HySO,4 


Solution Based on the concept of alternant polarity the expected products are as follows: 
Cl 


(a) (1-Chloro-5-isopropylnaphthalene) 
CHMe, 


Due to pervi-interaction at C-8, substitution occurs preferably at C-5. 
NO» 
(b) (1-Bromo-6-nitronaphthalene) 
Br 
CH(CHs3)o 
(c) Ce (1-Acetyl-4-isopropylnaphthalene) 


o*~cH, 


NO, 
\ OEt 
(d) Cor (2-Ethoxy-1-nitronaphthalene) 


6. How would you carry out the following transformations? 


CH,COOH CH,COOH O Me 


oe 

a eCicy <= Ciro 
eeu 
©) —- Cry” 


CH,CH,CH,CH; 
is) a3 

COOH CN 
eOO- OD etQS-ao 
m Cl Coun ‘ee — 
oy So 


Solution 


HCHO/HC1 ) 1. CO: 
> 
(a) AcOH we ce Eo? 2. H,0° 


’ CH,CN CH,COOH 
meee at, OS 
9 
ce ee N& CHCO,Et 
@® 
(b) _ BIOH/H" x _ > 
= = 
Mel 
Vv 
CHMeCOCl1 CHMeCOOH CHMeCO.Et 
AlCl, ~ SOC, ie <i NaOH a = 
Cor 766 


@) 
(Friedel- 
ria SS 
reaction) : —— 
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E> Sn/HCl Ac,O 
(c) (Acetylation) 


NHCOCH3 NHCOCH3 NHCOCH, 


dil. HCl ory oan <_HNOs _ 
boil  Ghieation) 
(hydrol.) 

@ 

N,Cl® 


NH, 
ory tc shin 2 
0- —o5G > 


Alternate process: 


conc. sme BO. SO3H 1, Sie. 
160° 160°C ee 2. 2H,o®  ° 


(Bucherer | aq. NaHSO, 
reaction) NH,OH 


Sean "seen 


aq. NaNO, ore” 
[= _> 
Cu 
a S conc.H,SO, SO3H 1. — 
(d) | > @ 
4 a 160°C H,O 


N2Cl y, ee eg NH: aq. NaHSO,/NH, CS 
0- OC * euchoear reaction) 


Bu 
Ns Pt BuBr 
eee 
eeu 7 hee (—LiBr) cr 
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oCl I es ce ES —r CS 1. CO, Cee 
® 
reflux 2.H;,0 
CN 


(g) BEI. 2 Ns 
8 = see pyaar” 
Meco. CMe; 
A) ~~ al, 
(Friedel-Crafts) 
The Friedel-Crafts reaction is reversible in nature and so the bulky t-butyl group 
enters at ae to avoid steric interaction eee with C-8 hydrogen. 
(i) <soantamar > ill 
(e; H*) 
j) 
G a 
(e: H*) 


SOH 


conc. ee 1. 2 aCniers 
(k) CCS ae 40-80°C — 2. ae 


__ liege, -5°C 
cP ti go (NaNO,/HCl) 
2. OH°/H,O 
NH 


ies 


aes AS 


(Friedel-Crafts) ide aes 


COOHCOOH 
¢ Kilt20,/H,80, 


vamnelte anhydride 
COCl O O 


| 

Cocl e. Zn(Hg) a PbO, 
= ~mas? QI ra? CIC Se? 

AIC], HCl [0] 


Acenaphthene 


oa 


(1) alc, 
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7. Predict the product and suggest a mechanism for each of the following 
reactions: 


on or 1. HCN/HCY/AICI, : 
2. H,O 


® 
N=N 1.A 

(b) Cr sea Ae) 3.H,0° 
c-0: O 


| 
° O 
F SC—NH 
ee 1. PhLi Me Br,/FeBrs 
Oo ClLIsa @ Cry = 
mS NOE KCN COCI AICl, (2 equiv.) 
() © | —_~~"_+ (f) + | 3 
Sie EtOH/H,O COocl 
mS OEt 1. pOcl,/PhNMeCHO 
(g) Le 2. HO . 
Solution 


(a) B-Naphthol undergoes the Gattermann reaction to yield 2-hydroxy-1- 
naphthaldehyde when treated with a mixture of HCN, HCl and AICI, followed by 
water. The mechanism of the reaction which is, in fact, an electrophilic aromatic 
substitution, is as follows: 


® 
The electrophile involved in this reaction is the formaldiminium ion (H—C=NH) 
which is formed as follows: 


oN a . ie ® °} 
H—C=N + H~-Cl:%4 AICI], —> |H—C =NH/+ AICL, = CICH=NH + AICI, 


! 
H—C =NH 
Formaldiminium ion 


The substitution reaction then takes place through the formation of a o-complex. 


CH=NH 
Cri Dime, Phan | 


® 
CH=NH, CH=NH 


Cry wae = OF +a, 


+ HCl 
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When the complex so produced is decomposed with water 2-hydroxy-1- 
naphthaldehyde is obtained. 


CHO ae 
«Ha: 
wo BS 
2-Hydroxy-1-naphthaldehyde 


[Instead of AICl,, Zn(CN), may be used and in that case the electrophile, 
formaldiminium ion, is generated as follows: 


Zn(CN), + 2HCl —= ZnCl, + 2HCN ; ZnCl, + ZHCl —= 2H® + ZncClz° 
® ® 
2 H—C=N + 2H°ZnCl3° —= 2/H—C=NH «—H—N=NHI + ZnCl}°] 


(b) Benzyne, generated by heating benzene diazonium-2-carboxylate adds to furan (a 
Diels—Alder reaction) to form a cyclic ether which on acid-catalyzed decomposition 
yields a-naphthol. 


Ne N A sa 
> 
2 £6" —N,;—CO, a“, (Diels—Alder) 


T Benzyne 
O iy 


6H H,0: 
Benzenediazonium-2- ee 
carboxylate ars Pie 
a-Naphthol 


(c) 1-Fluoronaphthalene reacts with phenyllithium to form 1,2-dehydronaphthalene 
(an aryne) which subsequently reacts with CO, and benzene to yield 2-phenyl-1- 
naphthoic acid (I) and 1-phenyl-2-naphthoic acid (ID). 


F F 
o+ 

OH \poti OV Li _LiF S 

OC: OO aaa. 


1,2-Dehydronaphthalene 
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Onc0)» Oxc-OH 


Gro H 
~ NSA 
Cry Ry = SI a YK 


I 
Cust CS oF 
Oke we OS NO it, we "So 
\u 


II 
(d) The ring attached to nitrogen is more activated, whereas the ring attached to 
carbonyl is deactivated towards electrophilic aromation substitution. Therefore, 
the former ring undergoes bromination in the presence of Br,/FeBr, to give the 
corresponding p-bromoderivative. 


ns ® 9 
Br—Br: + FeBr; —> Br—Br:—FeBrs; 


re ® 
°S¢—fH) Sc NH °So—nu 
Kt Kt Kt 
— —> ‘oce™ —? oo HBr + FeBrs 
® © 
Br—Br: —FeBr3 Br a Z Br 
v -Br2-FeBr, 


(e) 2-Nitronaphthalene undergoes von Richter reaction when treated with aqueous 
ethanolic potassium cyanide to yield 1-naphthalene carboxylic acid. 


Lean <p EE 
SS octe “4 oc 
s 
H 
DT 


N=C |, 
crs SP 
o=c-N ee o=c~ NH 
0: .. 
N=O N+O° 


ill 
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: ot 
o=0- VV Co Os. 6Nay 0 O-< Nowy 
N~ 


O OH O OH 


SCT 


=c7 


(f) Naphthalene undergoes Friedel-Crafts acylation at C-1 and C-8 by oxalyl chloride 
in the presence of anhydrous AICl, to form 1, 2-diacenaphthaquinone. 


O oD O 
T i tec lll | 
Ccl—C—C—Cl: —> Cle —CCClAlCl, — > C]—C—C= 0: AICI? 
O O 7 
i I 
ci-© ci- CNG — 
ae TS1AICle ‘CL AICI, 
ea ms <=> etc. 
:0: O 
s | I 
:0=C_ ZO 


ee O C O 
Cl, oma =e poe “OF 


So 
8a AS — ef, + AlCl, + HCl 


Oxo cz Oxo cz Oxo cz? 


eerie: se 
@ 
Les | ee (QC eset] —> CCS + alo, + HCI 


cS) : 
eee 1,2-Diacenaphthaquinone 
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(g) 2-Ethoxynaphthalene undergoes Vilsmeier—Haak formylation at C-1 when treated 
with PhNMeCHO in the presence of phosphorus oxychloride (POCI,) followed by 
treating the resultant iminium ion with water. 


O Cl rf 


4 CCl ll oc aa 
PhMeNCH £0 +0=Pz a > PhteN2cH—0— P<!» panei Lo—rar, 


wy) 
PhMeN=CHCI + POCI,O 
(active electrophile) 


aa. men cue een at Le 

LG OEt PhM sy sii Waa Ont OEt —H* 

Cie a 
>) 


® os 
‘a HX. oH_NHMePh cr aaa CH—<NMePh 
cr oie au +H® ocr H,0: Oe da 


Oxg-H 


16 a + PhMeNH,CI° 


8. Propose a curved-arrow mechanism for the following reaction and explain 
why the 1,5-diallyl derivative and not 3,7-diallyl derivative is obtained: 


CH,CH=CH, 
OCH,CH=CH OH 
o> I 
H,C=CHCH,O HO 
CH,CH=CH, 


Solution This is an example of ortho-Claisen rearrangement. The reaction takes place 
through a six-membered cyclic transition state as follows: 
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AAS 
CH, — 


GS maim a 


rearrangement) 


FeO, SCH» 
CH 


Transition state 


HO tH 
B2CN 0H” 2 


Because of fixed bond structure of naphthalene, migration occurs to give 1,5-diallyl 
derivative and not 3,7-diallyl derivative. 


9. Give a curved-arrow mechanism for each of the following reactions: 


Ox ¢-—CPhg Ph. Spee 


Ph~ NOH 
> H® 
(b) cn CHBr,/t-BuOK ae aa 


O OH 
(c) OO Bi ale 
O OH 


I 
0 OO oor 
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Solution 
(a) This is a case of acid-catalyzed rearrangement followed by an intramolecular 
electrophilic aromatic substitution. 


an 
a 7 
Ph-shift 
PS ta SOD? aa | 
Ph Ph 
PhyO—CC ae oC Ph,C—CO 


- os” 


(b) Bromoform reacts with t-BuO® to form the electrophilic species dibromocarbene 
which then adds to indene to form a cyclopropane derivative. This eliminates a 
molecule of HBr in the presence of base to yield 2-bromonaphthalene. 


Fast. + BUOH + BroC—LBr5> :cBr, + :Br9 


tBul? 
CIT ce, oar Be ee, CL, + eBu0H 


Indene 


ie % 
t-BuO: + tL opr, 


Sa rexmorauiehsians 


(c) Itis a case of double enolization which takes place in the presence of acid to form 
the aromatic system 1,4-dihydroxynaphthalene. 


1,4,5,8- ae 
naphthalene- |= 
1,4-dione 


OH 
1,4-Dihydroxynaphthalene 
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(d) 1-Iodonaphthalene reacts with sodamide to form 1,2-dehydronaphthalene 
(an aryne). This aryne then adds to piperidine to give the normal (I) and cine- 
substitution product (II). Because of steric interaction with C-8 H-atom (peri- 
interaction), the product II is the major product. 


H” ine Ye Ky HNC > 
clo =o amet 


1-Iodonaphthalene a 


H{ N H{ «NH <— 
I Gminor) 


(less stable due to 
peri-interaction) 


Enough space; 


no steric interaction 


YB, CO 2, ake 


mee = II (major) 


(e) Benzyne, obtained on thermal decomposition of benzenediazonium-2-carboxylate 
adds to tetraphenylcyclopentadienone (a Diels—Alder reaction) to give an adduct 
which under the reaction conditions eliminates a molecule of carbon monoxide to 
yield 1,2,3,4-tetraphenylnaphthalene. 


b 
, 
N=N __4 i Ps 
oH? =C0,;_N,” Lo. 


l Benzyne 


O Ph 
Benzenediaronium-2- Ph -CO 
carboxylate aie) 
Ph 
1,2,3,4-Tetraphenylnaphthalene 


10. Give the product expected to be obtained when 1-iodo-2-ethylnaphthalene 
is subjected to the Ullmann reaction. Is the coupling product chiral? Give 
reasons. 
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Solution The structure of the product obtained in this reaction may be given as follows: 


OO} Steric strain in 
a planar conformation 


The compound is axially chiral. Because of steric interaction between the two bulky ortho- 
substituents, the two rings cannot be coplanar and in fact, they remain orthogonal to 
each other. Because of axial chirality then arises, the compound is able to exist in two 
enantiomeric forms. 


Mirror 
plane 


LL Enantiomers _fj 


11. Explain why 2,6-naphthaquinone undergoes reduction to give the 
corresponding diol at a rate faster than 1,2-naphthaquinone. 


Solution 1,2-Naphthaquinone contains only one benzene ring. On reduction, it becomes 
converted into naphthalene-1,2-diol and as a result, the thermodynamic stability of the 
molecule increases due to gain of aromaticity of one ring. On the other hand, 2,6-naphtha- 
quinone has no benzene ring. Since reduction causes aromatization of both the rings, it 
gains more stabilization. For this reason, 2,6-naphthaquinone undergoes reduction more 
readily than 1,2-naphthaquinone. 


OH 
© Reduction, oe AL O Reduction, OH 
— fast) HO ~ (slow) > 


1,2-Naphtha- Naphthalene-1 
on Naphtha- ar p , 
apne Naphthalene-2, quinane 9-diol 


quinone 6-diol 

12. In Haworth synthesis of naphthalene, the Clemmensen reduction is 
carried out before ring closure—Why? 

The carbonyl group in the ketoacid obtained on succinoylation of benzene deactivates the 


ring by its —R effect. Because of this, effective ring closure of the ketoacid in the presence 
of concentrated H,SO, or HF (1) or PPA (an electrophilic aromatic substitution) does not 
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take place. For an effective ring closure, the C=6 group is reduced by Clemmensen 
method to a moderately activating alkyl group. 


Ring is weakly 
activated 
Zn(Hg)/HCl conc. H,SO, 
(Clemmensen or HF(/) or PPA 
HO,C reduction) HOC 6 
3-Benzoylpropanoic 4-Phenylbutanoic a-Tetralone 
acid acid 


13. Predict the product obtained in each step of the following reaction 
sequence: 


sorties 2 CHCI,/NaOH ? Na/NH3(),, ? Br,/CCl, >? eee 2 A >? 


Give the mechanism of the final step? 


Solution 


ClrUCI 
en Blea ALL aOH Na/NH;(/) 


(Birch reduction) 


Hy. JH H.-H H.-H 
ees KOH/alcohol a Bro/CCl, ea 
Br Br 
Hy. UH 
= (1,6-Methano[10]annulene) 


14. Explain why anthracene cannot be prepared by succinoylation of 
naphthalene. How can anthracene be prepared from naphthalene? 


Solution Succinoylation (a Friedel—Crafts acylation with succinic anhydride in the pres- 
ence of AICl,) is an electrophilic aromatic substitution. Electrophilic substitution in naph- 
thalene occurs at C-1 or C-2 position. Formation of anthracene requires succinoylation 
at C-2 followed by ring closure at C-3. However, due to fixed bond character, ring closure 
after succinoylation occurs not at C-3 but at C-1. Therefore, the new benzene ring which is 
generated is always angularly fused to the naphthalene ring, i.e., phenanthrene instead 
of anthracene is obtained finally. 
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O 


several steps 
ce Hoe x 
O 
[~ Ss 
’ Ce 
AICI; 


Naphthalene several steps ,“ Phenanthrene 


Anthracene can be prepared from a as follows: 


a ° 
= AlCl, 


oral Coon 
on | H2SO, or 
100 PPA 
Cre ge ee dust 
< Tistilation. 


Anthracene 
15. How would you carry out the following pee 


3 
ee ee 


CH,COOH 


» OOO — 


O O 
: — ee 
O O 


Solution 
6 Ane a COOH 
( a) Cry aS al V 205 eg 6 @ 
AIG a Zn/NaOH 
Naphthalene O 


1. Pees gee sas 
att Tio 


9-Methylanthracene 
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~HCVZnCl, > 
woer H,O0%A 


» OS fuming H,80, . SO3sH on? _ 
160°C =O | 
Vv 
O O 
NH, , SO3Na 
q. NH,Cl/NH,OH 3 
NaHSO, - = Sodium arsenate or 
O pressure/200° 


O 
Sodium arsenate oxidizes the liberated sulphite which otherwise would attack the 


amine produced. 
16. Give a curved-arrow mechanism for each of the following reactions: 


CoHs 
RD eacre 
(a) 2. CoHsCl (2 equiv./A 
C,H; 


[ 
0 or Ota 
oe 


l| 
oe OC +> 
cocl COCl1 


@ eee 


Solution 
(a) Anthracene reacts with Na in liquid NH, to give 9,10-disodioanthracene 
(a deep blue compound) which when heated with ethyl chloride, produces 
9,10-diethylanthracene. 
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NH,(J) + Na => e®(NH;),, + Na& 


(solvated 
electron) 
C e® i i (~ 
S¢e,16ee Lr. — 
= CH,CHyC1 
eo ) 
Et Et H 
[O] 
Et Et H 


9,10-Diethylanthracene 


(b) Ca += OI 


Wz SS —SO, Benzyne 


me ES NOM 


Triptycene 
The azo compound on thermal decomposition produces the reactive intermediate 
benzyne which then undergoes the Diels—Alder reaction with anthracene to yield 


triptycene. 
(c) The mechanism of the Elbs reaction is as follows: 
O 
i OH 
CAae® _AL Intramolecular 
(CH: CH» Diels—Alder | 
H 
H( OH OH 
CS = Ca eee Cra 
- <] 
Anthracene HH H 
(d) Under heated condition the —COCI group is introduced at C-9 of anthracene as 
follows: 
) 
O >} o. vas CCl Oxe-Cl 
| H » Cy WN 


O 
Cee + ee As Cee —> Cr 5 + CO + HCl 


PP els LL ee ce ae ee ere oe eee ee eee vee eer eee meee veer MME 4 
17. How would you explain the position of the following tautomeric 
equilibrium? 


OH O 
— 
Anthranol H H 


(enol-form) Anthrone 
(keto-form) 


Solution The equilibrium depends on the relative resonance energies of the two tauto- 
mers. The phenolic tautomer (i.e., the enol-form) is usually stabilized by ring aromaticity. 
However, in this case the reverse is true. Anthrone (the keto-form) has two distinct intact 
aromatic rings in addition to the C=O group (bond energy is considerably higher). This 
causes anthrone to be more stable than anthranol, which actually suffers a loss of aroma- 
ticity per ring because it contains three fused rings. This explains why the concentration 
of anthone at equilibrium is higher than that of anthranol. 
18. Anthracene and Phenanthrene are two isomeric polynuclear hydro- 
carbons with three ortho-fused benzene rings. Explain why phenan- 
threne is thermodynamically more stable than anthracene. 


Solution The resonance energies of anthracene and phenanthrene are 351.5 and 
387.0 kJ/mol, respectively. Hence, the latter is more stable than the former. This can 
be well explained by the Fries rule. In anthracene, two of the three linearly fused rings 
can assume benzenoid form and the other must be in the less stable quinonoid form. In 
phenanthrene, on the other hand, all the three rings can assume benzenoid structure. 
According to the Fries rule, in polynuclear hydrocarbons, that structure is most stable in 
which there are maximum number of benzenoid ring system. Therefore, phenanthrene is 
expected to be more stable than its isomer anthracene. 


. Benzenoid 
eo Quinonoid ring? \ 
Anthracene Phenanthrene 
(the most stable structure (the most stable structure 
in which only two rings are in which all the three rings 
in benzenoid form) are in benzenoid form) 


19. Suggest a method for each of the following conversions: 


(a) ay. worry 
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Solution 


acy Na,Cr,0,/H,SO,4 s @ 2 1. KOH/H,O 
(a) or CrO; in glacial 2. H,0°® 
acetic acid O 
O 
O 


wits 
ian, ake 
> So COOH 
COOH 
NH, 
1. NaNO./HC1 ake 
= —e—0-5°C C ~paKer 
C)<S se, CONH, 
- Hp 
ees in A : ie) 
SP tats CCl, an (-HBr) oe 
| Br 
aa 
Cs) NaNH, 
liq. NH3 


9- Sete tes 
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7 Br, in 
—=—=r 
(d) boiling CCl, 


| Br 
roe CuCN 
_1.KOH , 
2. H,0° > H,0°® 
COOH 
Phenanthrene-9-carboxylic 
acid 
OS ee 1. O3 ox 1. conc. NaOH we 
2. "2. Zn/H,0” CHO 2nC®  ~” H;0° CH,OH 
(Cannizzaro) 


20. Give a curved-arrow mechanism for a of the i ae reactions: 


@ Cr I she? _ 
O 


Br 
we 
eta hr 
H CH,OH 
(a) ene, conc. H,S0, 
O N—OH O O 


Solution 
(a) When phenanthraquinone is warmed with alkali, it undergoes the benzilic acid 
rearrangement to form, after acidification, 9-hydroxyfluorene-9-carboxylic acid. 
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Ch 
wo shift 
Oe es 
% C—OH 
Phenanthraquinone 
+H® 
_ 
HO COOH HO COO® 


9-Hydroxyfluorene-9- 
carboxylic acid 


(b) The reaction proceeds through an aryne oo as follows: 
axis, = soy 


Br An aryne 
— 

‘NHS 
y te oe c 
Z NH$) 
NH, 


9-Aminophenanthrene 


(c) This is a case of ee SO which takes place as follows 
-H,0 


= ae = fa OH, 
— 
Ot 


(d) Phenanthraquinone monoxime undergoes the Beckmann rearrangement when 


treated with acid. The iS is an imide. 
oa © aa o a, 


— in ; 
= £8n, re y\ 
-H®) H,0: 
&% 4 » tautom. cy we 
NX OM vs 


O Ho O 
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21. Explain why phenanthrene undergoes electrophilic addition of 
dichlorocarbene (:CCl,) in it C-9/C-10 position but anthracene does not. 


Solution C-9/C-10 positions are the reactive centres in both the isomeric anthracene and 
phenanthrene. In phenanthrene, C-9/C-10 positions are in adjacent positions, whereas in 
anthracene they are in para positions in the middle ring. Carbenes add to a double bond to 
form a cyclopropane ring system but cannot form higher carbocyclic ring systems. Because 
of this phenanthrene reacts with dichlorocarbene to form a cyclopropane derivative but 
anthracene does not. 


@ re + (CCl, 
9 


Phenanthrene (obtained from 


CHCl,/NaOH) 
Cl.LCl 
8 9 1 
7 2 
a8!) ses rd 
i Lol, eon @ 10 
5 lo 4 CS 
Anthracene (not obtained) 


22. Synthesize 1-, 2-, 3- and 4-phenanthrenecarbaldehyde from naphthalene, 
1-propanol and any compound containing two carbon atoms and using 
the Diels-Alder reaction in one of the steps. 

Solution 


(i) Synthesis of 1- and 2-phenanthrenecarbaldehyde 


CH»,CH3 BrCHCHs 
oo... cmH, IS or __KOH/alcohol_. as 
ag i ee 


CH,CH,CH,OH "*""s cH,cH=CH, “>BrCH,CH=CH, > e895, CH)>=CHCHO 


eT ab heno Pd-C/A ay heno 
CHO 


1-Phenanthrene- 
carbaldehyde 


CHO CHO 
aor BieAue Pd-C/A 


2-Phenanthrene- 
carbaldehyde 
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(ii) Synthesis of 3- and 4-phenenthrenecarbaldehyde 
as 


os © aie _NaBH, , 
— PhNO, 


aes 
—_ Si Pd-C/A 


4- see 
carbaldehyde 


conc. H,SO,4 


CH 


CHO 
a C) 
cr a _Pd-Cla. C/A ek 


3-Phenanthrene 
carbaldehyde 


23. Comment on the ability of anthracene, phenanthrene, naphthalene and 
benzene to act as dienes in the Diels-Alder reaction. 


Solution Although anthracene readily participate as a diene in Diels-Alder reaction, 
phenanthrene does not. This can be explained in terms of the aromatic stability of the 
resulting adduct. If the central ring of phenanthrene reacted as does the central ring of 
anthracene, the aromaticity of all three rings would be destroyed. If the diene system of 
phenanthrene were to be included C-9=C-10 double bond, the aromaticity of two rings 
would be lost. The AG# of such a reaction is much unfavourable. Naphthalene resists los- 
ing resonance energy and so it does not react under typical condition. However, it has been 
made to react under very high pressure. The aromatic ring of benzene is too stable and so 
it does not react. 


To CU STUDY PROBLEMS TO 


1. Give Haworth synthesis of the following compounds: 
(a) 1,7-Dimethylnaphthyl (b) 7-Bromo-1-methylnaphthalene 
(c) 1-Ethynylnaphthalene 

2. Predict the product and suggest the mechanism involved in each step of the 
following reaction sequence: 


NH, —CH,(CH,),—-O—N=0 HY o_| 
We 2 3(CHy)4 =) O cD ?< 9 H30 > 1-Naphthol 


COOH Amylnitrite 
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10. 


Which one of the C-1—C-2 and C-2—C-3 bonds in naphthalene is shorter in length? 
Use a resonance argument to explain your answer. 

When f-naphthyl allyl ether is heated, it undergoes ortho-Claisen rearrangement 
where the allyl group migrates to C-1 and not to C-3. Explain this observation. 


CH,CH=CHp 
Claisen 
B-Naphthy] allyl ether rearrangement q-Allyl-B-naphthol 


Give the structures of the principal organic product(s) expected in each of the 
following reactions: 


/~COCI 1.alcl 
(a) * Me Gq) 2.0 
b) CICH,<Q»>-CH,CI + O (excess) UCk_, 


CH3 1.90, aes og. 
(c) om 2. In/H,O" (d) C+ 2. H,0°” 


Give evidence in favour of the following statements: 

(a) C=C bonds in naphthalene are somewhat fixed. 

(b) Naphthalene is a bicyclic compound. 

(c) Naphthalene is less aromatic than benzene. 

Offer a suitable explanation for each of the following observations: 

(a) In Haworth synthesis, the Clemmensen reduction of the keto acid is essential 
before cyclization. 

(b) Nitration of 2-methylnaphthalene gives 2-methyl-1-nitronaphthalene 
as a major product whereas sulphonation of this compound affords 
6-methylnaphthlene-2-sulphonic acid. 

(c) When oa-tetralone is heated with a 1:1 mixture of NaOQH—KOH at 220°C, 
naphthalene is obtained. 

Identify the compounds A-E in the following sequence of reactions: 


fe) 
O Zn(Hg) HF() Zn(Hg) Pd-C or. 
H,C nae Aaa > B > C—aar ? D gan? E 


How will you prepare a- and $-naphthols? Comment upon the coupling reactions of 
these two compounds. 

Would 1-methoxynaphthalene nitrate more rapidly or more slowly than 
naphthalene at (a) C-4; (b) C-5; (c) C-6? Give your reasoning. 

OCHs 


12. 


13. 


14. 


15. 
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Predict the structure of the product A. Is it resolvable? Give your reasoning. 


owe FeCl, a 


B-Naphthol 
Suggest a synthetic sequence for each of the following conversion: 


@® CI>CUIS o) CI ae eae ae 
D 


»oo-08 peapeer. 
nea < «- 


a 
~ COOH 
>) CTS - OS ors ere 


NH, 
(a) What is called para-red? How can it be prepared from f-naphthol? Mention 
one use of the reaction involved. 
(b) How would you prepare congo red from naphthionic acid? Mention one use of 
Congo red. What is its colour in alkaline or acid solution? 


N=N-(__)-NO, 


OH 
[Hint: (a) (para-red) 


NH, NH, 
OI OOS 


SO,H (Congo red) SO3H 


Which one out of naphthalene and benzene is relatively more reactive in electrophilic 
aromatic substitution reactions and why? 

[Hint: The loss of aromaticity in one ring of naphthalene is equal to (255 — 151) 
kJ/mol or 104 kJ/mol. It is much less than for the loss of the single ring in benzene 
(151 kJ/mol)] 

Explain why 2-naphthalenesulphonic acid is thermodynamically more stable 
than 1-naphthalenesulphonic acid. Devise an experiment to confirm the relative 
stabilities. 

{[Hint: When 1-naphthalenesulphonic acid is subjected to the same reaction 
conditions (conc. H,SO,/160°C), the same equilibrium mixture (~85% of 2-acid plus 
= 15% of |-acid) is obtained.] 
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18. 


19. 


20. 


Explain why bromination of benzene requires a Lewis acid catalyst but that of 
naphthalene requires no catalyst like FeBr3. 
Identify the products: 
Na,NH3()_, 9 O3(3 moles) 9 
EtOH Zn/H0 
(Birch) 
Predict the product and give a curved-arrow mechanism for the following reaction: 


Cl NaNH, 
ig. NELs.* 


How would you synthesize the following compounds from naphthalene? 


CH,CH,NH, On AA SO.H 

. » OO « 
NH, 
O NO», Br 
NO CH 

o Od Ooo eao™ 

O 
Predict the product and suggest a mechanism for each of the following reactions: 

Ph Me O 

conc. HNO; Me AICl 
@ CI) sets © CIs Lo Aes 
Me O 


NHCH,CH=CH, 


(c) eae ae 
NH—NH ® 
@ — 


OCH,CH=CH, 


(e) er A+» WD . gu H° 
N* ~CH,CH3 Ph Ph ——> 


Cl CH, 


ss ae 
® CUD as ny CCIyA 
CH,0 OCH; . 
(i) Li (excess) > 
NH,(J)/THF/Me,COH 
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21. Offer a mechanistic explanation for the following observation: 


COOH 
OH OH 
2-Hydroxy-1-naphthoic acid B-Naphthol 


22. Which one of the following two naphthols will react with benzenediazonium 
chloride under basic condition to give an azo dye? Give reasons. 


Et OH 
OH Et 


1-Ethyl-2-naphthol  2-Ethyl-1-naphthol 
23. Explain why V.O; catalyzed oxidation of naphthalene and 1-naphthylamine give 
the same product. Identify the product. What product do you expect to be formed 
when 1-nitronaphthalene is similarly oxidized? 
24. Give structures for the compounds A-K: 


N,Cl 
HNO; Sn NaNO2/HCl_, NagCO3 CuCN 
(a) A — Baa © 05°C aes ? x 2D 
i OCH; 
a 2 NaNO/HCl HBF. A 
2 4 
(b) cry eG — F >G 
CHO 
2™~-s CH(OCH3)2 NaBH, H H,0® I 
4 +» H —_3- _ 5 
(c) ae | oe MeOH Dioxane 
(a) - NaNO2/HCl_. y __2-Naphthol 
~ 0-5°C iS) 


25. The same compound is obtained when either of the following two alcohols is treated 
with boron trifluoride etherate. Propose a structure for the product (A) and write 
a mechanism for its formation. 


OH OH 


26. Identify the a A-E in the following sequence of reactions: 


oO 
AIC]; Zn(Hg) HF or Zn(Hg) Pd-C or. 
HC +O nol? B-ppa ? © Har 7 P seam? © 
27. Explain why the <n of anthracene is shorter than the 2,3—bond. 


, 1.37A 
2 co] 
SOoorr: 
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29. 


30. 


31. 


32. 


33. 


34. 


Although naphthalene and anthracene are aromatic hydrocarbons, they undergo 
the Diels—Alder reaction. For example, anthracene reacts readily with maleic 
anhydride to give an adduct. However, the reaction of naphthalene with maleic 
anhydride proceeds efficiently only under high pressure. 


O O 


1 100° 
OOS + Lo ae ower 
140°C, 10 min 9.6 K bar, 17h 


O 
(a) Write down the structures of the adducts. 


(b) Explain why anthracene is so much more reactive than naphthalene in the 
Diels—Alder reaction. 

[Hint: Resonance energies of naphthalene and anthracene are 61 kcal/mol and 84 

kcal/mol respectively.] 

Predict the products (I and II) and give a curved-arrow mechanism for the following 

reaction: 


CHs 
OOS CL ae 
F 
Br 


Comment on the optical activity of the products and give your reasoning. 

When 9,10-dihydroanthracene is refluxed in NaOCD./CH,OD for several hours 
and then recovered, the isolated compound is found to be identical with the 
starting material. However, anthrone rapidly exchanges its methylene protons for 
deuterons under the same conditions. Account for this difference. 

{Hint: The structure of the intermediate anion is to be considered.] 

How would you prepare 2,9-dimethylanthracene starting with compounds 
containing one benzene ring? 

Identify the products (A—F) in each of the following reaction sequences: 


@ lias Ge (NC)C=C(CN), A LiAIRs B 


O 


AICl, 1. OHIH,O 1. PCl; Br, 
Cee +). O = ee 2.H,0° ° D oyu,” © Kon?F 
O 
(a) The boiling point of anthracene (216°C) is much higher than that of 
phenanthrene (99°C), even though they are isomeric hydrocarbons. Explain. 
(b) The resonance energy of anthracene is 84 kcal/mol. Is it more aromatic than 


benzene having resonance energy 36 kcal/mol? 
Predict the product(s) and suggest a mechanism for each of the following 


reactions: 
@ CH; @ 
KNH,/liq. NH; 1, MeMgl/Et,0 , 


oe. Cl _—- (b) ae 2HO® 


—= 140} 
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36. 


37. 


38. 
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(*=14c) 
Anthracene can undergo the Diels-Alder reaction, whereas phenanthrene does not. 
Explain. 
[Hint: Loss of RE is much greater in the case of phenanthrene compared to 
anthracene.] 
Explain why the following compound is resolvable. 


be 
CH,CO,H 


[Hint: The phenanthrene nucleus is planar and substituents lie in the plane. If, 
however, fairly large groups are in positions 4 and 5, there will not be enough 
room to accommodate both groups in the plane of the nucleus. Such a molecule 
(as shown above) will not be planar, and hence is asymmetric (due to bending 
of substituent bonds and buckling of the molecule as a whole) and consequently 
should be resolvable.] 

How can o- and m-phenylenediamine be distinguished by reacting with 
phenanthraquinone? 

Offer structures of the most suitable starting materials for the syntheses of the 
following compounds by the method mentioned: 


(a) 6,7-Dimethylphenanthrene (Haworth synthesis) 

(b) 3,7-Dimethylphenanthrene (Bardhan—Sengupta method) 
(c) 2-Phenyl-3-ethylphenanthrene (Bogert—Cook method) 

(d) 1,4-Dimethylphenanthrene (Johnson method) 

(e) Phenanthrene (Fittig reaction) 
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INTRODUCTION 


Cyclic organic compounds are divided into two large classes: those having only carbon 
atoms in their rings are known as carbocylic compounds (e.g., cyclohexane) and those 
in which at least one atom other than carbon forms a part of the ring system are called 
heterocyclic compounds (Gk., heteros, other + cycle). Most of the heterocyclic compounds 
contain carbon atom along with heteroatom like oxygen, nitrogen and sulphur. Heterocyclic 
compounds occur so widely in nature and are of such importance chemically that any 
discussion of organic chemistry will not proceed very far without mentioning them. In 
fact, the heterocyclic derivatives represents nearly half of thirteen million chemical 
species discovered up to date. A large number of heterocyclic compounds are essential to 
life. Various compounds, such as alkaloids, vitamins, antibiotics, essential amino acids, 
nucleic acids, hormones and a large number of synthetic drugs contain heterocyclic ring 
systems. A good knowledge of heterocyclic chemistry is, therefore, very much necessary of 
the organic chemists, in general. 


Heterocyclic compounds may be classified into aliphatic and aromatic. The aliphatic 
heterocycles are the cyclic analogues of ethers, amines, thioethers, amides, etc. Their 
properties are influenced particularly by the strain of the ring. These compounds generally 
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consist of small (three- and four-membered) and common (five- to seven-membered) ring 
systems. On the other hand, the aromatic heterocyclic compounds are those which have 
at least one heteroatom in the ring and behave in a manner similar to benzene in some 
of their properties. Furthermore, these compounds obey the Huckel’s rule, which states 
that cyclic conjugated planar systems containing (4n + 1)z electrons are aromatic. The 
aromatic heterocycles possess considerable resonance energies. The heteroatom can play 
an extremely important role in determining the properties of compounds of this type. 
Examples of some aliphatic heterocyclic compounds are as follows: 


O 


~~ oO Ge « 


Tetrahydrofuran 1,4-Dioxane Pyrrolidine Piperidine Morpholine 
(THF) 


Examples of some aromatic heterocycles are as follows: 


Furan Pyrrole Thiophene Pyridine Pyrimidine 


6.1 NOMENCLATURE OF HETEROCYCLIC COMPOUNDS 


Heterocyclic compounds are frequently named by their trivial names. Although they 
convey little or no structural information, they are still widely used. The systematic 
name (IUPAC), in contrast, is designed so that one can deduce from it the structure of the 
compound. The following is the systematic method of nomenclature: 


(i) 


(ii) 


(iii) 


The size of a monocyclic ring from 3 to 10 is indicated by a stem : 3, ir (tri) ; 4, et 
(tetra) ; 5, ol ; 6, in; 7, ep (hepta) ; 8, oc (octa) ; 9, on (nona) and 10, ec (deca). 

The names of monocyclic compounds are derived by a prefix (or prefixes) indicating 
the nature of the heteroatom present, and eliding ‘a’ where necessary, e.g., oxa for 
oxygen, thia for sulphur, aza for nitrogen, sila for silicon, etc. When two or more 
of the same heteroatoms are present, the prefixes di, tri, etc. are used, e.g., dioxa, 
triaza, etc. If the ring contains different heteroatoms, their order of citation starts 
with the heteroatom of as high a group in the periodic table and as low an atomic 
number in that group. Therefore, the order of naming will be O, S, N, P, Si, etc. 
For instance, a heterocycle containing one oxygen and one nitrogen atom will be 
referred to as oxaza, whereas thiaza denotes a heterocycle containing one S and 
one N atom. 

Numbering of the ring starts with the heteroatom and proceeds to give substituents 
or the other heteroatoms of the lowest numbers possible. If the heteroatoms are 
different, then numbering starts at the atom cited first according to the rule in (11) 
and proceeds round the ring in order of precedence. 
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(iv) The degree of unsaturation in the ring is indicated by putting an appropriate 
suffix. These suffixes change to some extent according to whether or not the ring 
containing nitrogen. Suffixes for three- to six-membered rings are listed in the 
following table. 


Suffixes of some simple heterocyclic compounds 


No. of members Rings containing nitrogen Rings containing no nitrogen 
in the ring Unsaturated Saturated Unsaturated Saturated 
3 —irine —iridine —irene —irane 
4 —etc —etidine —ete —etane 
5 -ole —olidine -ole —olane 
6 —ine = —in —ane 


*Expressed by prefixing ‘perhydro’ to the name of the corresponding unsaturated compound. 


Some simple examples are given below with their trivial names as well as IUPAC names 
(in parentheses). It is to be noted that when the name contains two vowels coming together, 
then ‘a’ of the prefix is omitted (e.g., oxirane is to be written instead of oxairane). 


4 3 4 3 
\w? <7 Lie ale) 
it 


H " H 
Ethylene imine Ethylene oxide Pyrrole Furan 
(Aziridine) (Oxirane) (Azole) (Oxole) 
4 
4 3 5a SB 
a -~ (J oO 
N Bg? 6 2 
H ° i N 
Pyrrolidine Tetrahydrofuran Thiophene Pyridine 
(Azolidine) (Oxolane) (Thiole) 
5 A N? 5 ~ 3 5 N 3 
CG syle eke Coyle 
H 1 1 1 
Piperidine Pyrimidine Pyridazine Pyrazine 
(Perhydroazine) (1,3-Diazine) (1,2-Diazine) (1,4-Diazine) 


Common names of some benzo-fused heterocycles are given below: 
4 5 (4 5 4 5 4 
6 2 7 2 7 N2 7 2 
7 Nz 8 N 8 1 8 N 
H 1 1 
Indole Quinoline Isoquinoline Quinazoline 


In isoquinoline, a carbon atom has a lower number than the nitrogen atom to preserve an 
orderly sequence around the peiphery of the two rings. 
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6.2 FIVE-MEMBERED HETEROCYCLIC COMPOUNDS WITH ONE HETEROATOM 


Pyrrole, furan and thiophene are the simplest five-membered heterocyclic compounds 
containing a single heteroatom. 


I \  \ i \ 
os US. ls 


Pyrrole Furan Thiophene 
Some general characteristics of these simple heterocycles are discussed below: 


1. Structure 


Pyrrole The nitrogen atom and the four carbon atoms in pyrrole are sp-hybridized and 
all of them adopt a trigonal planar geometry. The three sp” orbitals of nitrogen contain 
one electron each and the p-orbital contains a pair of electrons. The sp” orbitals make two 
N—C bonds (sp?—sp”) and one N—H (sp?~s) bond. The N—H bond lies in the plane of the 
ring. The p orbitals of carbon also carry one electron each. The five p-orbitals (four of C and 
one of N) being in the same plane, overlap to give a total of six z-electrons, thus resulting 
in an aromatic sextet in accordance with the Huckel’s rule [(4n + 2)z electrons, where n = 
I], 


Electron pairs are 
part of the z system 


sp-hybridized 


Orbital picture of pyrrole 


Furan The oxygen atom and the four carbon atoms in furan are sp?-hybridized and all of 
them adopt a trigonal planar geometry. Out of the three sp” hybrid orbitals of oxygen, two 
containing one electron each are utilized in making two O—C o bonds (sp?—sp”) and the 
third carries an unshared pair of electrons, which does not take part in bond formation. 
It lies in the plane of the ring but is directed away from it. The p-orbital contains a pair 
of electrons. The p,-orbital of each carbon also carry one electron. The five p-orbitals (four 
of C and one of O) being in the same plane, overlap to give a total of six z-electrons, thus 
resulting in an aromatic sextet in accordance with the Huckel’s rule [(4n + 2) z electrons, 
where n = 1]. 
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TP. (eieececeeccsecee H p-orbital of oxygen 
» ‘af with two electrons 
ff KP Xe is) Unshared electron pair 
1 ae nee + O<D in an sp” orbital 


[eg ere i 4 - sp?-hybridized 


Orbital picture of furan 


Thiophene The sulphur atom and the four carbon atoms in thiophene are sp”-hybridized 
and like pyrrole and furan it is a planar cyclic molecule with six z-electrons. Each carbon 
atom contributes one z-electron and the sulphur atom provides the other two. The basic 
structure is made up of five sp’-sp” o bonds. The six z-electrons form an aromatic sextet in 
accordance with the Huckel’s rule. However, unlike oxygen, sulphur provides 3p-orbitals 
to overlap with 2p-orbitals of carbon to form the aromatic sextet. 


H 3p-orbital of sulphur 
~~ ee 5 with two electrons 
\ 4) Unshared pair of 
“ §$<Dp—— 


gis oe ‘\ electrons in an sp” orbital 


Seeesesecece meus is H. 


sp?-hybridized 


Orbital picture of thiophene 


These three heterocycles are considered to be z-excessive, i.e., rich in electrons because 
the five sp?-hybridized atoms sustain a 6z-electron system. In other words, there are six 
electrons in five orbitals. 


2. Aromatic character These heterocycles exhibit some amount of aromatic character, i.e., 
these are aromatic heterocycles, because they obey the Huckel’s rule of aromaticity. All of 
them have planar closed ring of six z-electrons where the sp7-hybridized heteroatom in 
each case provides a lone pair of electrons from its p-orbital. All of them can be represented 
by resonance hybrid structures. These are shown as follows. 


G-P-P-H-P-|-G 


Resonance structures of pyrrole Hybrid structure 


6.6 Organic Chemistry: A Modern Approach 


O 70) 
Resonance structures of furan Hybrid structure 
7 Fe _ A . _ 
BadS «6 Q- Gr-GQ\-O-© 
Resonance structures of thiophene Hybrid structure 


It is to be noted that sulphur can also use 3d orbitals (oxygen and nitrogen cannot) in 
electron delocalization. Hence, more canonicals are possible for thiophene than for furan 


and pyrrole. 
7 = 
Bo Oo Gack deo Wed? 
The order of ir increasing aromaticity of these three five-membered ietetocydiest is as follows: 
4 R ' 
H 


Furan Pyrrole Thiophene 
Resonance Energy (kcal/mol): 16 22 29 


Since oxygen is more electronegative than nitrogen and sulphur, the oxygen atom in furan 
is much reluctant to release its electrons into the ring to form the sextet of z-electrons [(4n 
+ 2)a, where n = 1] required for aromaticity and as a consequence, furan is least aromatic 
of the three. Again, since sulphur is less electronegative than nitrogen and oxygen, the 
sulphur atom in thiophene is more willing to rease electrons into the ring to maintain 
aromaticity. Besides, sulphur atom utilizes its 3d-orbital in resonance process (oxygen 
and nitrogen cannot) giving rise to a greater number of resonance structures, thus making 
the thiophene molecule more aromatic in comparison to furan and pyrrole. Pyrrole has 
intermediate aromaticity because nitrogen is less electronegative than oxygen but more 
electronegative than sulphur. 


Evidence in favour of aromatic character 
(i) These heterocycles undergo electrophilic substitution reactions (e.g., nitration, 
halogenation, etc.) like benzene and naphthalene rather than addition reactions. 
(ii) They show the effect of ring current in their n.m.r. spectra. 
Gi) Heats of combustion of these heterocycles indicate resonance stabilization to 
the extent of 16 kcal/mol for furan, 22 kcal/mol for pyrrole and 29 kcal/mol for 
thiophene, which are greater in magnitude than the conjugated dienes (~4 kcal/mol). 
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(iv) Their aromatic character is further recognized from a comparison of dipole moments 
measured for these compounds and their tetrahydro derivatives. 


3. Electrophilic Substitution Pyrrole, furan and thiophene are more reactive than benzene 
towards electrophilic aromatic substitution. In these three heterocycles, the electron 
density on each of the carbons is increased due to delocalization of the nonbonding pair 
of electrons on the heteroatom (N, O and S) onto the ring carbon atoms. Since the rate 
determining step of an electrophilic substitution reaction involves attachment of the 
electrophile to the aromatic ring carbon, increasing the electron density of the ring carbons 
increases the rate of electrophilic substitution of these three heterocycles. 


Since these heterocycles have two non-equivalent positions (C-2 and C-3), the electrophilic 
substitution is expected to take place at these two positions. In fact, the substitution 
reaction occurs preferentially at the 2-position. Both of the intermediate carbocations 
obtained by the electrophilic attack at C-2 and C-3 of pyrrole, furan or thiophene have a 
resonance structure (I and IV) in which all the atoms (except H) have complete octets. The 
intermediate A has two additional structures (II and ITI), whereas the intermediate B has 
one addition structure (V). Therefore, A has one more resonance structure than B. Again, 
each of the structures II and III has a positive charge on a relatively stable secondary allylic 
carbon, whereas the additional resonance structure V of the intermediate B has a positive 
charge on a secondary carbon which is not allylic. For these reasons, the intermediate 
A is relatively more stable than the intermediate B and because of this, electrophilic 
substitution of these three heterocycles occurs preferentially at the 2-position. 


eae Ee GXio chee ol gh aS ae 


¥ ss 2-attack 
1 NS a 2- Suhstitition 
(X = O, NH or S) a product 
(more stable intermediate) (major) 
4 3 E 
® 
ig G Fa - a ae - ( 
% x 
1 
WV J 3-Substitution 
" product 
(minor) 


(less stable intermediate) 


Like substituted benzenes this can also be explained simply by considering the resonance 
structures of these oe 


— iS] 
y ome eo a bgt gy . << l 5) 
IV V 
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A resonance structure having two dissimilar charges close to each other is relatively more 
stable and more contributing than the structure in which the charges are further apart. 
Therefore, the structures III and IV with two adjacent charges are relatively more stable 
than the structures II and V and so they contribute much to the hybrid. Because of this, 
the resonance hybrid has a larger electron density at C-2 than at C-3. Hence, on the 
basis of charge distribution, the electrophilic substitution would be expected to take place 
preferentially at C-2 (or -5). 


Energy diagram The energy profile diagram for the electrophilic substitution of the five- 
membered heterocycles is as follows: 


Intermediate for 
a 3-attack (less stable) 


Slow 
process 


Fast Intermediate for 
| a <= 2-attack (more stable) 
E l _ \ +E° 


x 
(X = O, NH or S) 


Reaction coordinate ——~> 


Order of reactivity The order ofreactivity of these three heterocycles towards on electrophile, 
1.e., towards electrophilic aromatic substitution is as follows: 


6 2 & > & 


Furan Thiophene 
ee 


The oxygen atom in furan is more electronegative than the nitrogen atom in pyrrole 
and so, the oxygen atom is less willing to donate electrons into the ring compared to the 
nitrogen atom. For this reason, furan is less reactive than pyrrole towards electrophilic 
substitution reactions. Although the sulphur atom in thiophene is less electronegative 
than oxygen and nitrogen, yet it is less reactive and this is because p electrons of sulphur 
are in a 3p-orbital (larger in size), which overlaps less effectively than the 2p-orbital of 
oxygen or nitrogen with the 2p-orbital of carbon. 


PO ES 2 LL ar ee eT ee eae ee are mene n nee NT TTT TTT Sete aT Ny eae emer eI G2 
This order of reactivity can be proved by comparing the strength of the Lewis acid required 
to catalyse a Friedel-Crafts acylation reaction. The Friedel-Crafts acylation of thiophene 
can be carried out by using a weaker Lewis acid like SnCl,. Furan requires BF;, an even 
weaker Lewis acid. Pyrrole is so reactive that an anhydride is to be used instead of a more 
reactive acyl chloride and in fact, the reaction requires no Lewis acid catalyst. 


O 
G+ aha HY Gh 
; + CHY Ne] 28,0 7 a + HCl 
Thiophene Acetyl chloride : 


2- fetes pees 


O 
| 1. BF 
G+ cx*va Hr Gh 
6 + CHS Ne] 2. H,O 6 ee 3 + HCl 
Furan Acetyl chloride i 


2-Acetylfuran 


Acetic anhydride | 
Pyrrole a O 


2-Acetylpyrrole 


6.2.1 Pyrrole and Its Derivatives 


Pyrrole is a very important five-membered heterocyclic compound because its nucleus 
occurs in many natural compounds, e.g., alkaloids, chlorophyll, haematin, etc. It occurs 
in coal-tar and bone oil. Its isolation from bone oil involves washing the latter with dilute 
alkali to remove acidic substances, then with acid to remove strongly basic substances, and 
finally fractionating. Pyrrole distils over in the fraction boiling between 100 and 150°C. 
It is purified by fusing with KOH. Solid potassiopyrrole is obtained and this, on steam 
distillation, produces pure pyrrole (b.p. 131°C). The numbering of pyrrole commences from 
the nitrogen atom which is assigned position-1. The substituents may also be numbered 
by the Greek letters. There are two monosubstituted derivatives of pyrrole, 2(or q@) and 3 
(or B). The four possible disubstitution products are: 2,3 (a, B), 2,4 (a, B’), 2,5 (a, a’) and 
3,4 (B, B’). 
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(B)4 3(B) 
(a@’)5 l oe is 
N 1 


H 
Pyrrole 


6.2.1.1 Synthetic Methods 


1. From acetylene Pyrrole may be synthesized by passing a mixture of acetylene and 
ammonia through a red-hot tube: 


H H 

i + i red-hot tube // \ 
C C cay 7 [ 
H NH; H H 


Pyrrole 


2. From furan Commercially pyrrole is obtained by passing a mixture of furan, ammonia 
and steam over heated aluminium oxide as catalyst. 


O AlzO3 (cat.)/450°C . 
Furan N 


Pyrrole 


3. From succinimide Succinimide on distillation with zinc dust gives pyrrole. 


/ \ Zn dust { \ 


N 
H H 
Succinimide Pyrrole 


4. From ammonium mucate A convenient method to prepare pyrrole in the laboratory 
consists of heating ammonium mucate in glycerol at 200°C. 


CHOH—CHOH 


| | 
CHOH CHOH = Gao? \\ +4120 + NH + 2C0, 
CO$NH? COSNH? H 


Ammonium mucate 
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HO OH _-OH 

““CH——CH~ sy a a 2002 

| | —> —2H,0 

fHOH CHOH on CHOH ee +NH,  ~2NHs 

@® 
NH2006 \coONH, 
6 
on oH <a ee cn ani 
CH C C ~ 
L \ oe YA Na 7S “Z™. CH CH 
al 
H,.. 
(CH CH wo CH, HC CH, 
i ead Or et Oe 
la 
HO” NH, 0” ‘H \wH, HO SN OP 
Hy 

H 

HC CH 

H,O 
fo fod 
Ny ae XY 
H H 


5. Paal-Knorr synthesis The Paal—Knorr synthesis is the most general method for 
the synthesis of substituted pyrroles and this is carried out by heating a 1,4-diketone 
with ammonia (used as ammonium sulphate) or a primary amine. For example, 
2,5-dimethylpyrrole can be prepared by allowing hexane-2,5-dione to react with ammonia. 


C,H 
eo ‘Ney noha den 


OO : (2H1,0) 
Hexane-2,5-dione 


Mechanism of the reaction Successive nucleophilic addition of ammonia (or amine) nitrogen 
to the two carboxyl carbon atoms followed by the loss of two molar equivalents of water 
represent the net course of the synthesis. 


¢ b tes é woe +H® / \ eo 


LX AN a a FN 
HjC~ SoQ4 “cH; HC O% “NH HCW (0 a 
A 1, b4-diketone Hw 
H/| _\ - 
/ \ -2H,O H3C\ /CH3 —+H® HsC~ / \_/CHs 
<—— we C <——_ On” SY 
H,C~N\y~ ~CHs HOS \y~ COH Oo” Ng OH 
H H Hp 


Pyrrole may be prepared by using succinaldehyde (OHCCH,CH,CHO). 
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6. Knorr synthesis This is the most extensively used route for pyrrole synthesis. It involves 
condensation of an a-amino ketone with a B-keto ester or a B-diketone in the presence of 
acetic acid. Diethyl 3,5-dimethylpyrrole-2,4-dicarboxylate, for example, can be prepared 
by this method by allowing ethyl 2-amino-3-oxobutanoate (an a-amino ketone) to react 
with ethyl acetoacetate (a B-keto ester). 


H;C., 4 CO,Et 


HC O CO2Et — oH,cooH al \e 
ie + => BtO,0-\ “CH, 
O Lit 


EtO.C NH, CH; 
Ethyl 2-amino-3-oxo- Ethyl acetoacetate Diethyl 3,5-dimethylpyrrole- 
butanoate (a B-keto ester) 2,4-dicarboxylate 


(an a@-amino ketone) 
Mechanism of the reaction: 
pe ne ~ ec Be COE ye HaC Be 
ae @ —> ® —_> ran 
EtO.C NH, HO*% ~CH3 EtO.C N CH3 EtO.C N 9 CH 
(protonated EAA) On OH» 


|= 
® Ja 
H,;C~_COH —CO2Et 6 H3C~ 20: _CO2Et 6 HyC~ 20H -CO2Et 
Oe Ae Cl Gee Dae 6 
EtO,C N CH, EtO.C N CH, EtO,C N CH; 


’ 


os ® 
(OH CO,Et OH, H3C CO,Et 
H3C Hoan eT -H,0 , H = 
EtO,C eA CH3 EtO,C s CH3 EtO.C .. A CH3 
H 


mA 
mA 
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The a-amino ketone is, in fact, generated in the reaction medium by nitrosation of the 
same f-keto ester followed by reduction with Zn/AcOH. 


HO6—N=0 #4 y,62n=0—"> No 


Nitrous acid (nitrosonium ion) 


(from NaNO,/AcOH) 
0 
Coa 
HyC\ CHa 09,5, <= HaC\ £CH\c9,m, SO, He CHA 9 
| | | (Nitrosation) | | 
O CoH 8. 
EAA enol-form ae 
{20 
NH N=0 
O O 


An a-amino ketone 


7. Hantzch synthesis This method involves condensation of an a-haloketone (or aldehyde) 
with a, B-keto ester in the presence of ammonia or a primary amine. 2,5-Dimethylpyrrole- 
3-carboxylate, for example, can be prepared by allowing ethyl acetoacetate to react with 
chloroacetone in the presence of ammonia. 


O 
I CO,Et 
CHy No CH Olt + cH“ SCH," = NH, > // \ 
| | H3C~ \y~ ~CH3 
H 
Ethyl acctacetate Chloroacetone Ethyl 2,5-dimethyl pyrrole- 
(a B-keto ester) (an a-halo ketone) 3-carboxylate 


Mechanism of the reaction The reaction proceeds through the formation of an enamine, 
which displaces the chlorine of chloroacetone followed by cyclisation to yield the 
corresponding pyrrole derivative. 


6.14 Organic Chemistry: A Modern Approach 


O 
I °O. NH, HOQ UNH, 
cH SCH, O28 + NH; > CH \CH _COoEt +H CH Cr gKt 
H 
[#20 
H,———— H 
ae ee an ae 
, 
cr, 1 e“\ cH A\cH ON omg 
O 3 HoN 3 O 3 H,N* ‘CH; H,N~ CH 
{ /COsEt H /COsEt /COsEt 
CH,——C - CCH C - HC——C 
| | = | | = | | 
H, Go OO, HOy) a ae CH, H3C~C~-C~cH, 
CH; H H 


2 


[It is to be noted that the Knorr synthesis and the Hantzsch synthesis are , in fact, carried 
out by combining the two aliphatic skeletal fragments (a) and (b), respectively. 


+ é- & 5+ 
C C b) C C 
ey gee eS nie ae 
Synthesis of Some Pyrrole Derivatives (Target Molecules) through Disconnection Approach 
O 
(Ethyl 4-acetyl-3,5-dimethylpyrrole-2-carboxylate) 
1. Et0,0-\x - ae i 
H 
TM (1) 
Retrosynthetic analysis 
O O 0 


// \ C—N FGI 
(move the 


EtO.C Enamine 
: 7 Et0O.C NH,° double bond) HN O 
TM (1) lle B 
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0 
O — O FGI —0O 
eA —é reduction + 
EtO,C Nw EtO,C° “N—OH EtO,C’ ‘NH, 
O O 
sin C—N 
O 


HNO, + ~ 
EtO,C 


Knorr pyrrole synthesis involves condensation of a c-amino ketone with a f-keto 
ester or a #-diketone in the presence of acetic acid. 


Synthesis 
yy HNO, a tautom, ha 
EtO.C (NaNOAACOH) B+0,0~ ~N=O Et0O,C~ “N—OH 
i Nitroso form Oximino form 
0 0 
zinc | A 
TM (1) 


In the final step, the oximino tautomer undergoes reduction by Zn/AcOH to give an 
a-amino ketone which subsequently reacts with pentane-2,4-dione (a $-diketone) 
to yield the target molecule. 


EtO,C 
2. TY. (Ethyl 2,5-dimethylpyrrole-3-carboxylate) 


N 
H 
TM (2) 
Retrosynthetic analysis 
FtO.C EtO.C 
2 2x C—N 1, 4-diCO EtO.C Cl 
EX. a NH; + —— ——r >: a = 
Enamines Oo <6 O 
N O 
H 
TM (2) 


Hentzsch pyrrole synthesis involves condensation of an a-haloketone with a 
B-keto ester in the presence of ammonia (or a 1° amine). 
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Synthesis 
EtO.C CO.Et 
Cl 2 
EtO,C NH, _ EtO,C SOE H ae y 
J (-H,0) Me (chloroacetone) ® = 4 
EAA ‘ NH,9 NH, 
H 
- EtO.C u n° 
TM (2) <———_ / 
N (OH 
H 
MeO,C 
3. / \ 
N ‘CO:Me 
H 
TM (3) 


Retrosynthetic analysis 


Me0,C Me0,C Me0,C 
Cc 
/ \ — oS,cont or EK, cog 
Enamine re) 


N ‘CO2Me NH, O NH> 
TM (3) | «, B 
MeO.C 
Be A 
1,5-diCO — 
*~CO.Me + SO ———— + O CO.Me 
A specific enol(ate) oO NH» 
equivalent is FGI 
needed 
yp COgMe 
O NOH 


fe) O 
The specific enolate equivalent of No ie JL -CO,Me. 
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Synthesis 


Aco i“ 1. MeO°/MeOH 
2Me —_____? CO.Me 
2.7~CO,Me O 
(Michael addition) 


L Zn/AcOH TM (3) 


O HNO 
ceca CO.Me 
AW COMe (NaNO,/AcOH) oe ° 


(Michael addition) 


6.2.1.2 Properties and Reactions 


Pyrrole is a liquid having boiling point 131°C. It rapidly darkens on exposure to air. 
A characteristic reaction is the turning red of a pine splint moistened with HCl when 
exposed to the vapour of pyrrole. 


Because of the contribution of the lone pair of electrons of the nitrogen atom to the 
formation of an aromatic sextet [(4n + 2)z electrons, where n = 1], the availability of the 
lone pair for protonation is very much decreased and because of this, pyrrole is a very 
weak base (pK, = 0.4). In the presence of acid, pyrrole undergoes protonation on carbon 
instead of nitrogen. This may be explained as follows. Pyrrole is a resonance hybrid of the 
following contributing structures: 


_ _ 9 9 5 6 

/ . \\ <> el oe? <> ve so <> / ee <2 Le \\ = 5 C) \5- 
N N N N N 5+N 
H H H H H H 


Resonance 
hybrid 

The resonance hybrid of pyrrole indicates that there is a partial positive charge on nitrogen 
and a partial negative charge on each carbon. Therefore, when pyrrole is acidified it is 
not protonated on nitrogen because protons tend to be expelled by nitrogen. Protonation 
actually occurs at the negatively polarized carbon. This may also be explained in terms 
of the stability of the conjugate acids involved in C- and N-protonation. Protonation of 
the pyrrole nitrogen would disrupt the aromatic system of six z-electrons by taking the 
nitrogen unshared pair out of the sextet. Also, the positive charge on nitrogen is localized. 


Resonance structures of pyrrole 


/ \ a i OH, 3 > [ . \ + H,O 
N N 
H Hp 
Pyrrole Conjugate acid 


(less stable and not formed 
because it is not aromatic and 
the +ve charge is localized) 
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Although protonation of the ring carbon disrupts the aromatic z-electron system, the 
conjugate acid, i.e., the carbocation, is resonance-stabilized. Hence, the conjugate acid 
obtained on protonation on carbon is relatively more stable. Thus, protonation occurs on 
carbon rather than on nitrogen. Now, it occurs preferably at C-2 instead of C-3 because the 
corresponding conjugate acid in relatively more stable 


3 2) —- 
[ \ oe | Pye { \a | \ A 
_ attack at’ NNO) 7 ae > © a 
N C-2 N “H N° ‘H N° ‘SH 
H H H 


Pyrrole i Conjugate acid 
(somewhat more stable due to 
greater number of resonance structures) 


. H H 
p\, we, (So, my 
N attack at C-3 N N 


H 


Pyrrole Conjugate acid 
(less stable due to lesser 
number of resonance structures) 


Pyrrole is very reactive towards the usual electrophilic reagents, and in fact, the most 
important chemical reactions of pyrrole are electrophilic substitutions. 


1. Electrophilic substitutions It has already been discussed that electrophilic substitution 
in pyrrole takes place preferably at the 2-position because the transition state leading 
the formation of the intermediate carbocation for 2-attack is of lower energy than that for 
3-attack. Some typical electrophilic substitution reactions of pyrrole are as follows: 


(i) Nitration Nitration of pyrrole cannot be carried out with mixed acid (conc. HNO; + 
conc. H,SO,) because this reagent causes extensive decomposition of the pyrrole ring 
resulting in the formation of tar. Pyrrole forms 2-nitropyrrole when nitrated with nitric 


acid in acetic anhydride. 
[| \ HINO; + Ac, [| \ 
re 5-20°C «~~ ~NOo 


N N 
H H 
Pyrrole 2-Nitropyrrole 
(major) 


Mechanism of the reaction The nitrating species involved in nitration with Ac,JO-HNOzg is 
acetyl nitrate or dinitrogen pentoxide. These are generated as follows: 
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O O OH cO> 
I | HNO, i al 9 470 -CH,COOH 
CH; ~~O~~~CH CHy “0 ay aol 
@ 
OH it 
om O.. 26 6 G HNO; OX : 
Sn—o—NnZ CH,COOH Sn? SN 40"-C—Cn,;*—— N—O—C—CHs3 
O O Acetyl nitrate 
Dinitrogen 
pentoxide 


Og. Ke) Cf ne 
o BI SnLotne™” > ce aon SL 
H H 


(ii) Sulphonation Pyrrole forms resinous material with sulphuric acid at ordinary 
temperature. However, sulphonation leading to the formation of pyrrole-2-sulfonic acid 
can be achieved in the presence of the mild sulfonating agent pyridine-SO, complex at 
100°C. 


O 


[ N + ne SOP ws i \ 
ij | N7 >SO3H 
O 
H H 


Pyrrole Pyridine-SO; complex _Pyrrole-2-salfonic acid 
Mechanism of the reaction: 


SI > OT + [ZF fe os oe) ae CM 
| —> yo+ BAC) +H® 
ae o Ke Ae ae 7 SSO3H 


N 
H 


Z 
Pyrrole 0% l So L a 
(iii) Halogenation Bromination of pyrrole with Br,/AcOH gives 2,3,4,5-tetrabromopyrrole. 
However, pyrrole substituted with electron-attracting substituents gives monobromo- 
pyrrole (4 and 5-bromo derivative). Bromination in carbon tetrachloride, on the other 
hand, yields 3-bromopyrrole by isomerization of thermodynamically less stable 2-isomer. 
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Br 
F\ om BMH, OV om = CN on 
N rN N 
O O O 
Ethyl pyrrole-2- Ethyl 5-bromopyrrole-2- Ethyl 4-bromopyrrole-2- 
corboxylate carboxylate carboxylate 
Br 
(\ sua, (EV |. CS 
N N = N 
H H H 
Pyrrole 3-Bromopyrrole 


Chlorination of pyrrole with sulphuryl chloride gives a mixture of mono-, di-, tri-, and 
tetrachloropyrroles depending on amount of SO,Cl, used. 


i \ SO,Cl,(1 mole) i \ SO,Cl,(1 mole) tI \. SO,C1,(1 mole) 
l \ 0 ae aia 
Ether Cl Ether Cl Cl ether 


N N N 
H H H 
Cl Cl Cl 
ITN. SO,C1,(1 mole) XN. 
Cl N Cl ether Cl N Cl 
H H 


2,3,4,5-Tetrachloropyrrole 


Chlorination of pyrrole with Cl, gasin warm aqueous alkali produces 3,4-dichloromaleimide. 


Cl Cl 


Cl, (excess) — 
t \ OHTH,O rat 
N N 
H H 
Pyrrole 3,4-Dichloromaleimide 


(iv) Acylation Direct acetylation of pyrrole with acetic anhydride at 200°C leads to 
2-acetylpyrrole as the major product, but no N-acetylpyrrole. N-acetylpyrrole can be 
obtained in high yield by heating pyrrole with N-acetylimidazole. 


O O 
\ 200°C 
/ \ + es aN — l \\ en, 
N° CH; ~~o~~ ~CcH, N 
H H I 


2-Acetylpyrrole 
(major) 
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N NH 
[\.€\ > >. © 
N N N N 
H | | Imidazole 

o3°~cuH, o7°~cuH, 
N -Acetylimidazole N- Acetylpyrrole 


The more reactive trifluoroacetic anhydride or trichloroacetyl chloride react with pyrrole 
efficiently, even at room temperature, to yield 2-substituted products. Alcoholysis or 
hydrolysis of the resulting compounds provides a smooth route to pyrrole-2-esters or -acids. 


Lorth.0 hs - 
CICCOCI , / 2. 130° a 
“Ether, rt.” rt. - ones 
\. NaOMe/MeOH 
ae Com 


ry 
Strong electron-attracting (m-directing) substituent (e.g., —COC1,) at a pyrrole a-position 
tend to override the intrinsic pyrrole regioselectivity and further substitution then takes 
place mainly C-4 and not at the remaining o-position. 


Friedel-Crafts alkylation of pyrrole can only be carried out when there is an electron- 
withdrawing group in the ring. 


(v) Vilsmeier—Haak formylation 2-Formylation of pyrrole can be obtained by the Vilsmeier— 
Haak reaction in which pyrrole is treated with phosphorous oxychloride (POC1,) and N, 
N-dimethylformamide (DMF) and then hydrolyzing the resulting iminium salt. 


/ \ 1, MeNCHO/POCI;, rt. . (\ 
ce 2. HO /~CHO 


N 
H H 
Pyrrole 3-Formylpyrrole 


Mechanism of the reaction: 


Cl 


ii \ ® if Cl 
MesN-CHO + CE=P=0—> Me,N-cH—o— ee 
DMF Cl 


or 


® “ | 
Me,N=CHCI + POCI,0 MeN CH-4O™ PCl, 
(active electrophile) ve 
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ee Me,N=-CH— cl —> BX, col <> ete, | Hal 
CH 


E>. 
y 
XNMe, 
= NMe 
N~ CH aad ) \N~ ~CH-NMe, 
ul ul Le 


®OH, 


Qu 
(MG (NEIMe, Ls. te, 
CH /* Nitisieg Ms Ne > H 6 

Q- H 


= ® 2-Formylpyrrole 


(vi) Gatterman reaction Pyrrole-2-carbaldehyde can be prepared by the Gatterman 
reaction in which pyrrole is treated with HCl and Zn(CN), fallow by hydrolysis. 


/ \ 1. Zn(CN),, HCl i \ 
NG 2.H,O N’ CHO 
H H 


Mechanism of the reaction: 
Zn(CN),. + 2HCl == ZnCl, + 2HCN; ZnCl, + 2HC1== 2H® + ZnCl? 


@ @ 
2H—C=N + 2H® 7nCl?°== 2[/H—C=NH <-> H—C=NH] + Zncl2° 


H 
PV n-8=na — ail <> etc.| —H?, “s i 
ne Electrophile i CH=NH CH=NH 


Ono OO “4 Oey 
HY - H,N=+CH 


HY i y ny 
8 HN 
(vii) Reimer-Tiemann reaction Potassiopyrrole undergoes the Reimer—Tiemann reaction 
to give pyrrole-2-aldehyde when treated with chloroform and alkali. An abnormal product 
3-chloropyridine is also obtained. 
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Cl 
// \ 1. CHCl,/KOH (\ ~ as 
oe 2. H;0° e ny CHO “N 


No N , 
K? H 3-Chloropyridine 
Potassiopyrrole Pyrrole-2-aldehyde 


Mechanism of the reaction When pyrrole is fused with KOH, potassiopyrrole is obtained. 
This undergoes the Reimer-Tiemann reaction involving the electrophilic species 
dichlorocarbene (:CCl,) as follows: 


a 
HO: + Hoc, 0 + Ger, Les» CCl, + cP 


: \ Cl 
Ge CCl —> Cran Ge a 


xe Na 


we, 
CHO 


Sea eae 


3-Chloropyrine is obtained by a ring expansion ie 


Cl 
a Goa Gye cr 
N 
BS 


K® 3-Chloropyridine 


(viii) Kolbe-Schmitt reaction Potassiopyrrole reacts with carbon dioxide to form, after 
acidification, 2- and 3-pyrrolecarboxylic acid. 
COOH 


/ 1.00, _. “ 

l a \\ see? 2. H,0° _ “3 \ 
N6é COOH N 
K® 
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2-Pyrrolecarboxylic 
acid (major) 

(ix) Houben-Hoesch reaction 2-Acylpyrrole can be obtained by the Houben—Hoesch 

reaction, which consists in treatment of pyrrole with an aliphatic nitrile and HCl in the 

presence of the Lewis acid catalyst ZnCly. 


1. CH3CN, HCl, ZnCl,/ether 
l 2 2. HO/A : e t C /CH3 


H Hi 
O 


Mechanism of the reaction: 


aa 1s oN ® ce) 
2CH3C=N + 2H—CI: + ZnCl, == [cH;-Cc= NH <> CH; C=NH] ZaCl7° 


BS, ah 
BX +01 8=ni > Fy  :GAzne,“c 
A. e 


N = 
H H f me 
CH, 
@ ee 
CO ot, <—nu, OM a at ( \ on eet ‘a\ne HCl 
H dl 7 aS NH H / SNH H |< 
O HY ° CH; 7 CH; 


(x) Diazocoupling reaction Pyrrole undergoes diazocoupling with benzenediazonium 
chloride very easily to give 2- or 2,5-disubstituted products depending on the reaction 


conditions. 
® re) 
PhN= NCI 
< aq, CoH;OH/NaOAc ? Cee 


H H 
2-Phenyldiazopyrrole 


cas 
Ph—N=N N=N—Ph 


PhN=NCP S a 
aq. C.H;OH/NaOH 


2,5-Diphenyldiazopyrrole 
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2. Acidic character Pyrrole is weakly acidic. When it is fused with solid KOH, the imino 
hydrogen is replaced by potassium, showing the acidic character of the compound. 


K°:OH 
a? /\ + H,O 
‘N6 
K® 


Potassiopyrrole 


When pyrrole is treated with methylmagnesium bromide (a Grignard reagent), 
pyrrolylmagnesium bromide is obtained with the evolution of methane. This reaction also 
proves its acidic character. 


= o 
| \ é- 6 — 
/ = : + CH,-MgBr —> [ is \ <-> a \ <-> ee So <> etc. MgBr + CH, 
OY N6é N N 
H 


Pyrrolylmagnesium bromide 


3. Reduction Pyrrole can be reduced to pyrroline by treating with zinc and acetic acid. 
Pyrroline can further be reduced to pyrrolidine (tetrahydropyrrole) on heating with HI 
and red phosphorus. Pyrrolidine can also be obtained directly by catalytic hydrogenation 


of pyrrole. 
Zn/AcOH a 
H 
l \\ — Pyrroline 
N A | HUP 
N / 
Pyrrole H,/Ni 
W__~___» ( \ 
200°C + 
N 
H 
Pyrrolidine 


4. Oxidation Pyrrole can be oxidized by chromium trioxide in acetic acid to maleimide. 


/ \ CrO,/AcOH ra. 
[O] O O 


N N 
H H 
Pyrrole Maleimide 


5. Ring Cleavage Reaction Pyrrole ring is not cleaved readily by acids or bases. However, 
when pyrrole is refluxed with an ethanolic solution of hydroxylamine hydrochloride 
(NH,OH - HCl), it undergoes ring cleavage resulting in the formation of succinaldehyde 
dioxime. 
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CH,—CH=NOH 


/ \\ +NH,OH- Hc] 225 | 
i refleux “ CH,—CH=NOH 


H Succinaldehyde dioxime 
Pyrrole 


Mechanism of the reaction Pyrrole first undergoes protonation at C-3 to form 3H-pyrrolium 
cation which subsequently reacts with hydroxylamine. 


H H 
i® H / NH,OH H H® 
H re H Ci V7 ™, 
H . " 
HON. Ho HOHN NHOH 
3 NoH <—~— NOH <= HN NOH 


6. Diels-Alder reaction There is always an energy cost to be paid when the aromaticity of 
an aromatic heterocycle is lost in a Diels—Alder reaction leading to a nonaromatic product. 
Because of its aromatic character, pyrrole is less likely to function in reactions typical of 
a diene. In fact, unlike furan it does not undergo the Diels—Alder reaction. Depending 
on the nature of pyrrole and the experimental conditions employed, it appears to follow 
two different pathways: (i) a (4 + 2) cycloaddition or (ii) a Michael type of addition at the 
a-position. For example, when pyrrole is allowed to react with DMAD or maleic anhydride, 


it undergoes Michael type addition. 


[ \ + MeO,C—C=C—CO,Me —4  \ 
N DMAD Nee: /CO2Me 
= H + NH 

MeOQ.C 
O 

O-Ce- O 

N N 
Maleic O 2 
anhydride 2-Pyrrolesuccinic 


anhydride 
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Mechanism 


0 
Bn Po _ neu 
N N 
H O H O 
é 


The presence of electron-attracting groups like —COCH;, —SO,Ph, etc. On the N atom 
reduces the aromaticity of pyrrole. Because of this, the diene property of that derivative 
of pyrrole becomes relatively strong and it forms a normal adduct in the presence of 
aluminium chloride (a Lewis acid). 


// \ es // \ Aromaticity is 
~: reduced due to 
the —R effect of 
the —COMe group 


- : t 
CO,M 4° Me 
oivle 
| 
CO.Me 
AF aa: AICls, -70°C 2 
EN C Me + 7 (Diels-Alder) 
O | 
‘ee Joe CO.Me 
N-Acetylprrole DMAD eR Diyene Compan 
(diene) (diensphile) papeuet) 


SOLVED PROBLEMS 


1. Givethestructure of the mononitration product of the following compound 
and explain why it is formed: 


or SMe EAs 


Give the mechanism of the reaction involved. [C.U. 2011] 
Solution Since furan is relatively more reactive than thiophene towards electrophilic sub- 
stitution reaction, the furan ring of 2-furyl 2’-thienyl ketone undergoes nitration at a 
faster rate to give 5-nitro-2-furyl 2’-thienyl ketone nearly exclusively. 
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ceases | i. ae CH,COONO, or NOs [\ LN 
ring HNO,/Ac,O0 - : 
Nee) g~ ONG NO 


[itor More reactive ring | 
2-Furyl 2’- esl ketone 5-Nitro-2-furyl 2’-thienyl ketone 


[For the mechanism of the reaction, see article no. 6.2.2.2.] 
2. Explain why pyrrole exhibits close similarity with aniline. 


Solution In pyrrole molecule, the nonbonding electrons on nitrogen is involved in consti- 
tuting an aromatic sextet [(4n + 2)z electrons, where n = 1]. As a consequence, the ring 
becomes rich in electron (z-excessive: six electrons in five orbitals) and because of this, it 
behaves like a reactive, i.e., activated benzene derivative like aniline (in which the ring 
becomes electron rich by the +R effect of the —NH, group), undergoing ready electrophilic 
attack. 
3. (a) The dipole moments of pyrrole and pyrrolidine are similar in 
magnitude but have opposite directions. Indicate the direction of 
dipole moment in each compound and explain. 


u=157D yw=1.80D 


(b) Should the dipole moment of 3,4-dichloropyrrole be greater or less 
than that of pyrrole? Give your reasoning. 
Solution 
(a) In pyrrole, the dipole moment points towards the ring away from the nitrogen 
atom, whereas in its saturated analogue pyrrolidine, it points towards the nitrogen 


CM Gh 


Pyrrolidine Pyrrole 
(u=157D) (uw=1.80D) 


The dipole moment of pyrrolidine is attributed to the bond dipoles of its polar C—N 
single bonds. That is, electrons of the o bonds are pulled towards the nitrogen 
because of its electronegativity and the dipole points towards the nitrogen atom. 
The same effect is present is pyrrole, but in addition there is a second effect: the 
resonance delocalization of nitrogen unshared pair of electrons into the ring. This 
tends to push electrons away from nitrogen into the z-electron system of the ring. 


Heterocyclic Compounds 6.29 
e 


Since the z-moment is larger than the o-moment, the net moment points towards 
the ring away from the N atom. 


(S) 
[XS <> le) <> oa ae <> = ‘eo <> ete. 
N N N N 
H \. H H H 


ZS 
— 
Uo Uz Unet 
+ = 
Dipolemoment Dipolemoment Net 
contribution of contribution of z- dipolemoment 
C—N o bonds electron delocalization of pyrrole 


(b) Since the resulting moment of the two C—Cl bonds will lie in the same direction as 
that of the net moment of pyrrole, they will be added and hence, the dipole moment 
of 3,4-dichloropyrrole will be greater than pyrrole. 


ell ¥y, 
S) i / ~ t Unet 
H H 


u=1.80D u=>1.80 D 


4, Account for the following observations: 

(a) Pyridine is miscible in water, whereas pyrrole is only slightly soluble 
in water. 

(b) The boiling point of pyrrole is higher than that of furan. 

(c) Cyclopentadiene is a much stronger acid than pyrrole. 

(d) Pyrrole is a weaker base than imidazole. 

(e) Pyridine is a stronger base than pyrrole. 

(f) N-methylpyrrole does not undergo the Diels-Alder reaction with 
maleic anhydride. [C.U. 2010] 

Solution 

(a) The undisturbed electron density on the nitrogen atom in pyridine allows for 
H-bonding with water molecules and so, pyridine is miscible. On the other hand, 
the lack of electron-density on nitrogen (for maintaining aromatic sextet) precludes 
H-bonding and therefore, pyrrole is only slightly soluble in water. 

(b) Pyrrole has a higher boiling point than furan because pyrrole molecules remain 
associated through intermolecular H-bonding. Since there is no hydrogen attached 
to oxygen, association through intermolecular H-bonding is not possible in the case 
of furan. The three suggested models (I-IID) are as follows: 
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(Oven [O&-n II 


I 


(c) In the conjugate base of pyrrole, the negative charge remains predominantly 


on the more electronegative nitrogen atom, whereas in the conjugate base of 
cyclopentadiene, the negative charge remains on the less electronegative carbon 
atom. Since a more electronegative atom accommodates a negative charge better 
than a less electronegative atoms, the conjugate base of pyrrole in expected to be 
more stable and so, pyrrole is expected to be more acidic than cyclopentadiene. 
However, the reverse is true. The conjugate base of cyclopentadiene is an aromatic 
system, whereas cyclopentadiene is not. Therefore, it is energetically profitable 
for cyclopentadiene to release a proton. On the other hand, both pyrrole and 
its conjugate base are aromatic. Therefore, loss of a proton is not energetically 
profitable in this case. This explains why cyclopentadiene is a much stronger acid 
than pyrrole. 


Pa — BH®+ b= (9): (O} £78 ae 
H 


a 
H H 
H 
Cyclopentadiene Conjugate base Pyrrole Conjugate base 
(nonaromatic) (aromatic) (aromatic) (aromatic) 


(d) The conjugate acid of pyrrole is not much stabilized by resonance (only in one 


structure octet of every atom is filled up) and protonation causes loss of aromaticity 
of pyrrole. Imidazole undergoes protonation on the doubly bonded nitrogen atom 
(the nonbonding electrons on it is not part of the aromatic sextet) and the resulting 
conjugate acid is much stabilized by resonance (two of the resonance structures 
are equivalent and octet of every atom in them is filled up). Also, on protonation, 
aromaticity of imidazole is not lost. For this reason, the protonation equilibrium is 
relatively more favourable for imidazole compared to pyrrole. Hence, pyrrole is a 
weaker base than imidazole. 
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7 . _ 
/\ spe — J. \VH «> [\Ha> le \h 
N N~ \H ®NN“ SH N“ SH 
H H H H 
Pyrrole Conjugate acid 
(aromatic) 7 . 
4 [ ® fe “i 
N o\ NH NH NH 
iS - (GF Gt @ 
N N’ N N 
H H H H 
Imidazole L Conjugate acid 
(aromatic) 


(e) The marked contrast between the basicities of pyrrole and pyridine can be well 
understood by considering the role of nitrogen’s unshared electron pair in the 
aromaticity of each heterocycle. The nonbonding electrons on the N atom of pyrrole 
is involved in the aromatic sextet and are, therefore, less available for coordinating 
with a proton. On the other hand, the nonbonding electrons on the N atom of 
pyridine are not part of the aromatic sextet and are, therefore, more available for 
coordinating with a proton. Again, on protonation, the aromaticity of pyrrole is 
destroyed, whereas the aromaticity of pyridine remains intact. For this reason, 
pyridine is a stronger base than pyrrole. 


aN = 
ft \4H® = H ; a ® a 
> \@ <> etc.| ; _ |j+HY == . | 
: eX i) i) 
H | H | - H 
Pyrrole Conjugate acid Pyridine Conjugate acid 
(aromatic) (nonaromatic) (aromatic) (aromatic) 


(f) See article no. 6.2.1.2 (Diels—Alder reaction). 
5. Predict the starting materials for the synthesis of each of the following 
compounds: 


(a) LOX. (by Paal-Knorr synthesis) 
H3C N CoHs 


CH; 
H3C CO,Et 
(b) C) (by Knorr pyrrole synthesis) 
N CH, 
EtO.C H 
CO,Et 
(c) oe (by Hantzsch pyrrole synthesis) 

N CH; 


H 
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Solution 
(a) CH3;COCH,CH,COC.,H; + CH3NH2 
Heptane-2,5-dione Methylamine 
H3C O 
ee oa CO,Et 
(b) | + oe 
Pen O Me 
EtO,C NH, EAA 


Ethyl 2-amino-3-oxobutanoate 
(c) CH,COCH,CO,Et + CICH,CHO + NH; 
EAA 
6. Pyrrole produces the crystalline compound II through the formation of 
the intermediate I when treated with 5.5 (N) HCl at 0°C for 30 s. 


of \ wa. lf \ a i 
yo co dik = Weer 
if II 


(trimer) 


Suggest a mechanism for each step of this reaction sequence. 


Solution The mechanism for the formation of the dimer I and the trimer II involves the 


steps as follows: 
a SO one pnt mi DL) 


N 


7. Identify the econ I-V in the following two reaction sequences: 


(a) Pyrrole + CH;MgBr —> I —P2@#2°!_, I] + III (isomers) 


(b) Pyrrole + Potassium — IV ey 


2 
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Explain the difference in the nature of the final products obtained in the 
two reaction sequences. 
Solution 


o- 6+ 
CH;-—-MgBr 


(a)  \ * 
an 
v v= & — <> vO Muir 2-5 ste: 


eee 


PhCH,-Cl — Cl 
ee ors oe i 
// \ tautom.. tautom. // \ 
N Same N ‘CH,Ph 
H H 
Il 
be \_ . \ Ph (PhCH; C1 
++“ (Hy) a NO ares 
K® 
bh Gee 
IV V 


Since potassium is more electropositive than magnesium, the negative charge is 
concentrated more on nitrogen than on carbon in potassiopyrrole compared to the 


® 
Grignard reagent in which SNe binds with MgBr and becomes a less reactive site. So, 


in the reaction sequence (a), C-alkylation occurs (at C-3 and C-2) to give II and III, while 
in the reaction sequence (b), N-alkylation occurs to give V. 
8. Suggest a mechanism for each of the following reactions: 


@ Pee oes HICHO/MesNH (> 
CV/CH;OH/A CH,NMe, 


(b) Pyrrole + N=N—CHCOOC,H; => i [C.U. 2013] 
CH,COOC,H; 


EtO,C EtO,C CO,Et 


CH;CHO, Hel 
©) See wy Ap 
Me~ \w’ ia N Me 


H 
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a EY. HN’ )/puso ; LE. 
O.N N’ NO, Be O.N N’ N 


| | 
M 


e 
F 
we » + Ce ers ) [C.U. 2015] 
Yr 
H 


H 


Solution 
(a) The Mannich reaction of pyrrole involving formation of a methyleneammonium ion 
as the electrophile takes place as follows: 


a . .. 3 - F p 
cH, =6: 2£: én, <6 MeSH, Me,NH—CH,OH ==> MeN CH, OH, 
| 110 
® 
Me.N=CH, 
® 
7 (electrophile) i CH,—NMe, 1 CH,NMeg, 


(b) This is a case of electrophilic substitution reaction in which carbethoxymethylene 
(:CHCO,Et) obtained on copper-catalyzed decomposition of diazoacetic ester acts as 
the electrophile and an a-substituted pyrrolacetic ester is obtained as the product. 


®«) 8 Cu 
N=N—CHCO,C,H; Gosg> Not + :CHCO,C,H; 


H 2) 
BV + %uco,c,H, => Ka) a ee CO,C,H 
N“ “CHCO,C,H, i eae 


(an electrophile) 


mA 


(c) Protonated acetaldehyde acts as an electrophile and substitution occurs at the free 
a-position. The intermediate alcohol undergoes protonation followed by loss of a 
molecule of water to form a resonance-stabilized carbocation. A second molecule of 
pyrrole reacts with this carbocation to yield a dipyrroethane. 


Heterocyclic Compounds 6.35 


MeCH=O: ao MeCH—OH 


(HCl) 
Er0,C EtO,C EtO,C 
a) + Me—CH= -OH —_> (\5H aut BY : 
Me~N@~SCH-—OH Mey; CH QOH: 
H Me H Me 
EtO,C [20 


es — cc 


—\ fe 


Hi Me ui Me Me H 
A dipyrroethane 
(d) Due to presence of two electron-withdrawing —NO, groups, the pyrrole ring is 
considerably deactivated and undergoes nucleophilic substitution reaction in 
which one —NO, group is displaced by piperidine. 


Me Me Me 
(e) The reaction proceeds through the formation of benzyne which reacts with pyrrole 
to give 2-phenylpyrrole. 


Cr. Me Bi —MgBrF 
Oe THF” MeBr 


9. Nitration of pyrrole with a mixture of fuming HNO, and Ac,O yields 2- 
and 3-nitropyrrole in 4:1 ratio. How would you prepare 3-nitropyrrole 
exclusively? 


Solution N-substitution of pyrroles gives rise to increased proportions of f- or 2-substitu- 
tion. If the group attached to nitrogen is very much bulky, a-substitution does not take 
place due to steric interaction and as a consequence, /-substitution takes place exclusive- 
ly. a-Reactivity, for example, can be completely blocked with a very large substituent such 
as a triisopropylsilyl (TIPS) group. It is especially useful because it can be easily removed 


by treating with Bu,NF°. ee can, therefore, be prepared as follows: 
NO. , NO, 
So 

( a6 Ci Si(CHMe;); cl, a \, ay [/ \ _ Sas / \ 

NI ~Ae,O;rt.7 As. THF: rt. e 
N N [ - \ 

- H 

Me,CH— ‘am. Si(CHMeg); 
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10. Condensations with aromatic aldehydes containing an appropriate 
electron-releasing group produce cations which are_ effectively 
stabilized by resonance to be isolated as a salt. The reaction with 
p-dimethylaminobenzaldehyde is the basis for the classical Ehrlich test 
in which deep red/violet colours are produced by pyrroles which have a 
free nuclear position. Suggest a reasonable mechanism for the following 
reaction: 


Me Me 


® 
NM 
a) p-Me,NC,H,CHO jawes 2 
re aes 4 tre 
Me ae HCI/EtOH; rt. Me . Cl 


: (Ehrlich reaction) N 


Solution The mechanism of this condensation involves the steps as follows: 


—H,0 — 
Me & \ N iat Ni ° 
N CHK >eNMe; <> N cH—¢_S—NMe,| Cl 


| (a coloured cation) 


11. Write a curved-arrow mechanism for each of the following reactions: 


Me Me aan Me Me 
anolamine 
. Lo ae l : \ 


N N 
H H 
(b) ae ou ___4 Uo, vex 
N 2. aq. KCN/100°C N 
H H 
(c) // . \ 1. BuLi/THF/-70-18°C : / : \ Nu 
2. MgBr, N | 
| 3. 7 H a 
Me “N Br 
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Solution 
(a) When pyrrole acids are simply heated, loss of CO, occurs. The reaction is essentially 
an ipso displacement of carbon dioxide by proton. 


Me Me H , Me Me CO, Me Me 
Rb Fe TS 
aN C7 YO Coy N 
| 
O O H 


(b) The substrate reacts with Mel to form a quaternary ammonium salt which loses 
a molecule of trimethylamine. The resulting compound undergoes nucleophilic 
attack by CN® to give the product (an elimination/addition sequence). 


Ste, = NMe 
= - 
(Ai “Se = ia \Q Smee ——> H 


NE 
N 
H H 


(c) Lithiation of the N-substituted pyrrole at C-2 followed by treatment with MgBr, 
leads to the formation of a Grignard reagent. This reacts with 2-bromopyridine (a 
nucleophilic aromatic displacement) to give the product. 


U\ 6 Bulli 
aS 


Me 


12. What happens when pyrrole-2-carboxylic acid in alkaline medium is 
treated with benzenediazonium chloride? 


Solution When an alkaline solution of pyrrole-2-carboxylic acid is allowed to react with 
benzenediazonium chloride, a coupling reaction takes place at C-2 position along with 
decarboxylation. 
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/ \ co, -2A/NAN Ph 
ben Pe <— Sk (oP 
H 


GN eee 
| 
O 
13. Explain the following observations: 
_ A No Diels—Alder 
(a) oS + BrC=CCO,Me ——> reaction 
H 
N _Boc 
= 90° C 
(b) eS + BrC=CCO,.Me Diels Alden” Br 
Da CO,Me 


Solution Because of considerable aromatic character, pyrrole does not undergo the Diels- 
Alder reaction. However, when an electron-attracting group remains attached to the ni- 
trogen atom, the aromatic property of pyrrole is reduced. As a consequence, its diene 
property becomes strong and it undergoes the Diels—Alder reaction with an efficient 
dienophile. The ¢-butoxycarbonyl group or Boc group withdraws electron from nitrogen 
and so, N-t-butoxycarbonyl] derivative of pyrrole undergoes the Diels—Alder reaction with 
BrC=CCOMe to give the corresponding adduct. 


/ \ = / \ Aromaticity is 
=> <M? 
[ N: \ k =) l N. \ a on reduced due to 
| | | = the -R effect of 
—COO CMe 
Boc Ayr ees ; 
0” “OCMe,  ‘O~ ~OCMe, ae 
- Re N _ Boe 
N—Boc ‘ 
Diels—Alder Br 
l CO.Me 
Diene CO,Me Adduct 


Dienophile 
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14. How would you carry out the following conversions: 


Et Et 
(a) / —— a 


N 
H 
ow / \ —>7 \ 
x Nn’ ~CH=CHCO,H 
H H 
O 
H 
H 
cc J \ —> ° 
¥ NH 
O 
@ £ \ —> fi \. 
a sé 
Me Me 
Solution 
Et Et Et 
(a) . \ Jue, . as 1° 
nic Me 
Et Et Et — 
j \ ; oe : \ Mel / \ , 
NMe;I° NMe, 
1. POCI1;/Me,NCHO 1. BrCH,CO,Et/Zn 
(b) l \ 2. NaOAc/H,O 20 \ SCHO 2: 430% ee 
N (Vilsmeier-Haak N (Reformatsky reaction) N 
H reaction) H H 
O 
H 
“Acou” OH N ‘ iene? 
reaction) NH 
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O NaBH, AcOH 
(d) > CHCl, ; Od 7-ProH ” [ \CEROH 30°C 


O 


15. Predict the products and explain their formation: 


NO; _ 
(a) (3 _Mononitration 
(b) a _Mononitration . 
OCH, 
Mononitration 
“ OW om ~(Br,/Pyridine) ” 
nif 


Me Et 
(d) yas Monobromination 5 
MeO.C N Me (Br./AcOH) 
(e) NH,OH 
Ms |) Gatto “HCl, EtOH, A” EtOH, A 


Solution 


(a) a-Attack by the electrophile occurs (not ortho to the electron-attracting —NO, 
group) to give 2,4-dinitropyrrole. 


Acetyl nitrate H CH,CO0® H 


Deactivated 
position 
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(b) The five-position (para to the —OCHsg group) is activated both by the ring nitrogen 
and the —OCHs3 group (a +R group). For this reason, ~ attack occurs to yield 
2-methoxy-5-nitropyrrole. 


(9% 
CH;0 So erg CH, —> ri cncolt A\ + AcOH 


CH30°) N* ‘NO, H.CO ~N~ “NO, 
H q H 
Acetyl ae 


(c) The meta-directing effect of the ester group overcomes the normally dominant 
tending for o-substitution. 


Br Br 


—N™ 
[| \+ BroBr > [eee LY + PyHBr 

MeO,C N MeO,C nC r MeO,C N 
H H H 

(d) An ester group can also activate a side-chain alkyl for halogenation. 

rae ae Me Et ae Me Et 
| eg ae: Bri-Br. IY. 
ssa’ N (CH +H® mene N CH, oe N CH,Br + HBr 

oe? H # HO: H Oo H 


(e) See article no. 6.2.1.2 (ring cleavage reaction) 

16. Furan-2-carbaldehyde or furfural, when treated with concentrated alkali, 
undergoes Cannizzaro reaction. However, when pyrrole-2-carbaldehyde 
is treated with concentrated alkali, it does not undergo the Cannizzaro 
reaction. Explain these observations. 


Solution When pyrrole-2-carbaldehyde is treated with alkali, its conjugate base is formed 
in which the carbonyl group is highly deactivated, i.e., the partial positive charge on car- 
bonyl carbon is considerably reduced, by resonance involving the negative nitrogen. 


VQ x ar, O QooH <> ( } cH; Cen 


N a N 4 Ne jj O 
CI 5 Coe :O: 
7 : ~ Furfural 
Conj pee orn ee or furan-2-carbaldehyde 


In furfural, on the other hand, the highly electronegative oxygen atom is very much reluctant 
to contribute its unshared pair of electrons for an effective resonance interaction with the 
carbonyl group. Therefore, the carbonyl carbon of this aldehyde is considerably positive. 
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For this reason, furfural undergoes the Cannizzaro reaction (involving nucleophilic attack 
by OH® on the carbonyl] carbon), whereas pyrrole-2-carbaldehyde does not. 


1. 
2. 


3. 
4, 


5. 


| STUDYPROBLEMS [OT 


Pyrrole is less basic than a secondary aliphatic amines (R,NH) —Why? 
Predict the product expected to be formed in each of the following reactions: 


(a) / \ * mw 


N 
H 
1. MeMel 
® ¢ \s0,> 
N 3. H,0® 
H 
NO, 
(c) // \ NaOMe/MeOH : 
N~ “NO, 
Me 
Me Me 
(d) I\ + j \ HBr/EtOH 
Me~ “x OHC~ \y~ ~Me 
H H 
EtO.C Me 
(e) // \ I,/aqg.NaHCO; 


HO.C~ \y~ ~CO,H 
H 


Why does pyrrole-2-carbaldehyde not undergo the Perkin reaction? 

Pyrrole does not undergo the Diels—Alder reaction with DMAD; however, N-p- 

nitropheylpyrrole does. Explain these observations. 

Explain the following observations: 

(a) Electrophilic substitution of pyrrole is easier than benzene. 

(b) Pyrrole reacts with KOH to form potassium salt. 

(c) Pyrrole does not form salts by protonation on nitrogen. 

(d) Treatment of 2,5-dimethylpyrrole with Zn/HCl gives a mixture of two isomeric 
products (C,H,,N). 

(e) Pyrrole carboxylic acids readily decarboxylate on heating. 

(f) Pyrrole (pK, = 17) is a much stronger acid than NH; (pK, = 36). 

(g) Pyrrole shows resemblances to phenol. 

(h) Pyrrole is protonated on an a-carbon rather than on nitrogen. 

(i) Pyrrole is more reactive than furan so far as electrophilic substitution is 
concerned. 
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6. How would you distinguish between pyrrole and pyridine? 
7. Write a curved-arrow mechanism for each of the following transformations: 


/ \ 1. Cl,CCOCVether,, { \ 
(a) ? 2. NaOEt/EtOH N’ ~CO,Et 
H 


H 
Cl 
(b) A \. Cl,CCO,Na . 
H.C N CH; DME, reflux H3C Js, 
H 
OHC 
MeOCHCI 
N’ SCO, Et AICl;, CH,Cl,, MeNO, nN’ ~CO,Et 
H H 
/ \ +2/ \ wo, f/f \ ff \ i 
(d) ere oe N N ‘N 'N 
H H H H H 
~ or 
(e) Ay 
i) CH,Cl y 
Et Et 


8. Explain the following observation: 
3 3 NO» 
/ \ CH,COOCOCH, [ \e 4 / \. 
‘N a N NO, N 
H ~ H H 
(4:1) 


What strategy would you take to get 3-nitropyrrole as the major product? 
MeO,C. 


9. Outline the synthesis of pax from the compounds having the 
following skeletal units: i Ee 


o- o+ 
i | 
+ 
b+ 
Cc Sy C 
(A) (B) 


Provide the synthesis of the compounds corresponding to the skeletal units (A) and 
(B) from easily accessible starting materials. 


11. 


12. 


13. 


14. 
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Carry out the following conversions. Write the reaction conditions and the reagents 
involved. 


CH; 
ae 
(a) EAA—> N Cl 
HO,C’ = 
CH; 
EtO,C CH; 
(b) EAA—> / \ 
H3C N CO,Et 
H 


(c) Pyrrole —~> Butanedial oxime 


(d) N-Methylpyrrole —> f\ 


Me 

When MeCOCH,CO,Et is allowed to react with HNO, followed by addition of Zn/ 
AcOH and pentane-2,4-dione, a pyrrole derivative (C,,H,;NOs) is obtained. Write 
its structure and give the mechanism for its formation. Suggest a route whereby it 
could be converted into 2,4-dimethyl-3-ethylpyrrole. 

When 2-methylpyrrole is treated with HCl a dimer, not a trimer as does pyrrole 
itself, is obtained. Predict the structure of the dimer and explain why a trimer is 
not formed. 

When 1-methoxycarbonylpyrrol is heated with DMAD at 160°C, diethyl 
1-methoxycarbonylpyrrol-3,4-dicarboxylate is obtained. Suggest a reasonable 
mechanism for the reaction. 

{[Hint: A Diels—Alder reaction followed by a retro-Diels—Alder reaction in which 
acetylene is formed as one of the products.] 

Suggest synthesis for each of the following pyrrole derivatives: 


CO,Et Me CO,Et 
/ \ b) / \ 
(a) no Score See: N’ Me 
H H 
(c) j \ (d) / \ 
Me—\..~CO,Et Men” Me 
Wl H 
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15. Give structures for compounds A—H: 


(a) Pyrrole—O" _, 4 _Be_, p__*a0hle 5 
(b) Pyrrole aa D ac 5 8a NOE Fe 
n-BuLi Etl 
1-Methyl 1 G H 
(c) ethylpyrrole — an [G] = 
16. Give the product of the reaction between pyrrol and excess acetone in acedic 
conditions. [C.U. 2014] 
MeO" gs =O // \ H® a—— 
[Hint: “MeSO,H/EtOH Me —H,0O”? oe Me 
reflux N Me N’ Me j \ 
HOH . & 
H 
Me 
3Me,C=O / \ Me 
2 x Pyrrole N 
(—3H,0) H Me 
= 
HN. 
= 


17. Arrange the following compounds in order of decreasing reactivity towards 
electrophilic aromatic substitution and give your reasoning. 


(Ss. 03.0 


18. Starting from pyrrole how would you prepare: (i) 2-bromopyrrole, (ii) 3-bromopyrrole, 
(iii) 3-nitropyrrole and (iv) 4-formylpyrrole? 

19. Which synthetic method and what reactants would be appropriate for the synthesis 
of a pyrrole derivative carrying —CH(CH;)CO.CHs group on nitrogen? 

20. Consider the following reaction: 


// Ph-N=NCP nc? 
N 0° “0°C, aq. NaOAc” aq. NaOAc N= N<Q» 


EtOH 
H 
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Compare the rate of the reaction at two different pH : one in pH < 8 and other in 
pH > 10. 

{[Hint: Pyrrole gives a mono-azo derivative by reacting as a neutral species below 
pH 8. However, it reacts with diazonium ion 10° times faster in solutions above pH 
10. This is because in alkaline medium, it reacts by way of the pyrrole anion which 
is more nucleophilic than neutral pyrrole. 


>N=N—Ph N—Ph H a 
GN cress reaction) GX ler 
y N=N—Ph H = 


(at of < 8) (less stable intermediate) 


vER—pn =\..H _sH? 
YO \ (fast reaction) < oe Gs 
Q =N—Ph _  ] 


Ny N’ \N=N—Ph 
(at pH > 10) (more stable intermediate) 


6.2.2 Furan and Its Derivatives 


The chemistry of furan (furfuran) itself started with the discovery of compounds 
containing furan ring. The aromatic furan ring occurs especially in terpenoids. Furan is 
obtained when wood especially the pine wood, is distilled. Furan-2-carboxylic acid (furoic 
acid) was first obtained by Scheele in 1780 by dry distillation of mucic acid. Furan was 
obtained later by heating furoic acid at its boiling point. It is most conveniently prepared 
by decarboxylating furoic acid in quinoline in the presence of copper powder. There are 
two monosubstituted and four disubstituted derivatives of furan. 


Bra a8 
wll, 1 \, 
O 
Furan 


Furan is commercially important due to its role as the precursor of tetrahydrofuran 
(THF), a widely used solvent. Some 5-nitrofurfural derivatives are important in medicine. 
Nitrofurazone, for example, is a well-known bactericide. Ranitidine, used for the treatment 
of stomach ulcers, is one of the most commercially successful medicines ever developed. 


/ \ UNNH CONH Me nl \s eo Oz 
O.N : 3 NN SNHMe 
2N“ *O 0 H 


H 


Nitrofurazone Ranitidine 
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6.2.2.1 Synthetic Methods 


1. From mucic acid Furan can be prepared by the dry distillation of mucic acid followed by 
heating the product furoic acid at its b.p. 


Dry distill _Dry distillation 
HO,C(CHOW),CO,n Be SO = S) +003 


Mucic acid 
Furoic acid Furan 
Mechanism of the reactions 
HO H 
a) 
HCH —CH CH—CH tautom,  GHy—CH 
H zi ? = 
0.) C(CHOH (2- CHOCO CH CX C C 
ae Ce Co og / “co.H y ay 
| HO HO H HO CoH 
CO,H 
Mucic acid [= 
I . 
eee C H®©(from other ; —H,O Ea 
PD ra acid molecule) CO.H CH A 
as HO ~O~ ~CO,H 


— 
Furoic acid 


2. From Carboxyhydrates Furan is commercially prepared by decarbonylation of furfural. 
Furfural is manufactured from xylose, obtained in turn from pentosans (which are 
polysaccharides extracted from plants, e.g., oat hulls, corn cobs and rice husks) by acid- 
catalyzed hydrolysis. 


CHO 
H——OH eae 
(C3H:00, HES bro tar | CN stemaaitain, (+ co 
Pentosans H——OH O CHO or Gulgitnctne O 
(Polysaccharides) CH,OH, Furfural Furan 


Xylose 
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Mechanism of the reaction 
Xylose undergoes dehydration and cyclization to yield furfural through the steps as follows: 


coe oe 2 ae 
H—C—OH ce on 18 c=9 P 
@ a H. H 
HO—C—H —2°> HQy¢—H Ep> CH tanto Oy, 
H—C—OH a On ool H—C—OH 
CH,OH CH,OH CH,OH CH,OH 
Xylose 
Vv 
sie CH. & 2H io CH H° Cee 
\ eae oa aes 
2 CH. OCHO HAC. A-CHO HAC. RC—-CHO 
0” “CHO O ® oO” Ly 
OH, OH OH OH 
Furfural 


3. Paal-Knorr synthesis It is a general method for synthesizing furan derivatives and it 
involves dehydration of an enolizable 1,4-dicarbonyl compound by using reagents such 
as phosphorus pentoxide, sulphuric acid, etc. 2,5-Dimethylfuran, for example, can be 
prepared by heating acetonylacetone (hexane-2,5-dione) with P,O; or conc. H,SO,. 


P.O, S_SO/A 
H,C— )—CHs : Go) — AN 
-O-"O- H3C~ “OG CH; 
Acetonylacetone 2,5-Dimethylfuran 


Mechanism of the reaction 


The process involves addition of the enol oxygen at one carbonyl group to the other carbonyl 
group, then elimination of a molecule of water. 


H,C-X )—CH,/“#—~ H,C ‘bat Ce any 
5 6. OH > 


4. Feist-Benary synthesis This classical synthesis involves an aldol condensation of an 
a-haloketone (or an o-haloaldehyde) with a B-keto ester (or a B-diketone) in the presence of 
sodium hydroxide or pyridine. The ring closure is achieved via intramolecular displacement 
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of halide by the enolate oxygen. Ethyl 2,4-dimethylfuran-3-carboxylate, for example, can 
be prepared by treating ethyl acetoacetate and chloroacetone in the presence of NaOH or 
pyridine. 


O 
| E 

tO.C CH 
C CO,Et + CH CH : ’ 

CHy CH pl XS 
| or pyriaine 
Ethyl O H3C~ “G6 

acetoacetate Chloroacetone Ethyl 2,4-dimethyl- 


furan-3-carboxylate 


Mechanism of the reaction 


HO 
EtO,C 0° 
BLO, HO). ELO,C\. P aN UY 
CH ‘OH? CH CHCl C7 Ge 
YU 5 PH cus“ omc1 , 2 \ CH3 
EAA Enolate of EAA “a2 
EtO,C H 
EtOC CH; no : NA oe 
[\ <oe- Lf SS 
HONG Cw. -CH 
3 H3C O 
:OH® 


The Feist—Benary synthesis is, in fact, a combination of the following two aliphatic skeletal 
fragments: 
c& co 
| = | o+ 
Cw o- C 


5. From other heterocyclic systems Oxazoles react with acetylenic dienophiles to give Diels— 
Alder adducts which subsequently undergo retro Diels—Alder reaction to yield furans. For 
example: 


CO .Me 


Pi x: 
N 

r\ + HC=CCO;Me ate i + PhCN 
O 


4-Phenyloxazole Methyl propynoate Methyl furan-3-carboxylate 
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:0: 
“0: it CO.Me 
RF Diels—Alder retro Diels—Alder / \ PhCN 
+ A oe 
L*- @) 
Pk Ph CO,Me 0 
CO,Et 


6.2.2.2 Properties and Reactions 


Furan is a colourless liquid with odour like chloroform. Its boiling point is 32°C and it is 
soluble is most of the organic solvents. Furan has a resonance energy of 16 kcal/mol. Of 
the three five-membered systems with one heteroatom considered in this chapter, furan is 
the ‘least aromatic’. The lower aromaticity of furans also manifests itselfin a much greater 
tendency to undergo cycloadditions, as a 42 diene component in Diels—Alder reactions. In 
fact, furans are much more like dienes, and less like a six electron aromatic system, than 
are pyrroles and thiophenes. 


Some important reactions of furans are as follows: 

1. Reactions of protonated furans The hydrolysis of furans involves nucleophilic addition 
of water to an initially formed cation, giving rise to open-chain 1,4-dicarbonyl compounds. 
This is in effect the reverse of one of the general methods for the construction of furan 
ring (the Paal—Knorr synthesis). Succinaldehyde cannot be obtained from furan itself 


because this dialdehyde is very reactive under conditions for hydrolysis. However, some 
alkylfurans can be efficiently converted into 1,4-dicarbonyl products. For example: 


A \ ag. AcOH, HBr, Pex 
Me~ “GO” ~Me MG days Me~ OO Me 


O 
2,5-Dimethylfuran Hexane-2,5-dione 


Mechanism of the reaction (hydrolysis) 


we o) H < 
H—OH HO: 3) 
Ax = lane A com He 
Me oO Me Me 6 Me Me O Me - 
Me 0 oO Me Me OH O Me Me 6 Me 
H 


eects eae eee te ae eee te 
2. Electrophilic Substitutions Furan being a z-excessive heterocycle undergoes electrophilic 
substitution with exceptional case (6 x 101! times faster than benzene). However, the 
conditions under which electrophilic substitutions are carried out need to be carefully 
controlled. Furthermore, the mechanism of the reaction is often not so simple as that of 
the benzenoid system. 


(i) Nitration Furan cannot be nitrated directly because it undergoes ready polymerization 
in the presence of concentrated acids. 


ne «OJ. A OOOO 


@ 
) ) 


Furan 


Polymer 


Nitration of furan is usually carried out with the mild nitrating agent acetyl nitrate, 
CH;,COONO, (a mixture of acetic anhydride and nitric acid) at —5 to 30°C to yield 
2-nitrofuran. The reaction proceeds by the addition-elimination mechanism. A non- 
aromatic adduct is formed by the electrophilic attack at C-2 followed by the nucleophilic 
attack of acetate ion to the cationic intermediate, usually at C-5. Aromatization, by the 
loss of AcOH, to give 2-nitro-substitution product takes place under solvolytic conditions. 
However, it can be better effected by the treatment with the weak base pyridine. 


O 
I 
\ CH,;—C—ONO,(HNO,/AC,O) 
/ es \ Pyridine, —5°C . U\ 


O O NO. 
Furan 2-Nitrofuran 


Mechanism of the reaction 


O 
| 
HNO; + CH;COOCOCH; ——-> CH3;COOH + CH;—C—ONO, 
Acetic anhydride Acetyl nitrate 
O O 
O 
N y ll. = 
B\Sn-L0) con, — oH,—c? Na 
- ee S8/\.NO 
Q Oo 9 2 


wo UN Or 
GY ast ae < (Pyridine) H,C—C-4L0” SG” “NO, 


I ° 
le 
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(ii) Sulphonation Furan like pyrrole undergoes resinification in the presence of sulphuric 
acid. However, it can be smoothly sulphonated by pyridine—SO, complex to give furan-2- 
sulphonic acid in very good yield (90%). 


{ \ Pyridine-SO, {\ 7 


O O 
Furan Furan-2-sulphonic acid 


Mechanism of the reaction 


BN Se <a ea — 


OQ ~SO3;H 
Parad arn —SOz 
complex 


If a -I group is present in the ring, then sulphonation can be carried out directly, e.g., 
furoic acid gives furoic-5-sulphonic acid when treated with conc. H,SO,. 


CO.H ‘ HO,S CO,H 


O O 
Furoic acid Furoic-5-sulphonic acid 
(iii) Halogenation Furan reacts vigorously with chlorine and bromine at room 
temperature to give polyhalogenated products or resins, but does not react at all with 


iodine. When bromination is carried out in dioxane at 0°C (a carefully controlled condition), 
a 1,4-dibromo-1,4-dihydroadduct is formed which subsequently eliminates a molecule of 


HBr to yield 2-bromofuran. 
// \ Br,, dioxane {\ 
. 3 oe NS Br 


fe) fe) 


Mechanism of the reaction 


GY Bee 9 BNL 2 a Hof \ 
Br 0 Br 6) Br 


as) 


Treatment of furan with Cl, in dichloromethane at -40°C yields 2-chlorofuran 
predominantly. 

Since halogen acids liberated during the halogenation of furan cause polymerization, 
halogenated furans are often obtained through an indirect process involving halogenation 
of furoic acid followed by decarboxylation of the product. For example: 
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cor _ . as A oe 


O Br O CO ,H Br O 


Furoic acid 5-Bromofuroic acid 2-Bromofuran 


(iv) Friedel-Crafts reaction Acid anhydrides or acyl halides normally react with furans 
in the presence of Lewis acid catalysts, like ZnCl, or SnCl, to yield 2-acylfuran. A better 
catalyst for the reaction with anhydrides is BF, in ether (the reagent is the complex Et,O 


— BFs). 
CH,COOCOCH 
Oe a O Car 


ey 
Furan O 
2-Acetylfuran 


The Friedel-Crafts alkylation is not so successful partly because of polymerization caused 
by the catalyst and partly because of polyalkylation. 


(v) Vilsmeier-Haak formylation When furan is treated with POC], and DMF and the 
resulting salt is hydrolyzed, furfural is obtained. 


. Me,NCHO/POC1 
M \ : Fo 7 (\ 
6) ae 5 CHO 


O 


Furan Furfural 
For mechanism of the reaction see article 6.2.1.2. 
(vi) Gattermann reaction Furan undergoes the Gattermann reaction to form furfural. 


1. Zn(CN), HCl 
—. 
C\ SS LO cao 
O 


O 


Furan Furfural 
For mechanism of the reaction see article 6.2.1.2. 


(vii) Mannich reaction Monoalkylfurans undergo the Mannich reaction normally. For 


example: 
HCHO, aq, Me.NH 
L \ AcOH, 95°C A \ nme, 
HC CH 


O 3 O 
2-Methylfuran 
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Mechanism of the reaction 


cu,=o0 2 cn,-265 /"> Me,NE—CH,OH #2 HS MeN oH, SH, 


jv 


@ 
Me,N=CH, 
(the electrophile) 
H,c O H.C (0 CH,_NMe, Ny CH,NMe, 


The Mannich reaction of furan itself can be carried out with performed iminium salt to 
give 2-substitution product. 


- 5, (Me,N),CH,, CH,COCI 
= eee 
[| \\ +{Me,N=CH,CI°] CH,CN, rt. l \ nme, 


O O 


3. Metallation of furans Furan reacts with butyllithium to form the 2-lithium derivative. 
This reacts with other reagents to give useful products. 


Cs oe 

H+ Bulli 
-~BuH 1.R,C=O U\ 

LiBr+ // \ GuBr | 2HO NG 


QO “Cu 
: — ee RBr iy a + LiBr 
0 
1.CO. 
O ; c—R + ROLi 


Furan undergoes ready mercuration at the 2-position. For example, when it is treated with 
mercuric chloride in aqueous sodium acetate, 2-chloromercurifuran is obtained. These 
mercuri-compounds are useful intermediates because the mercuri-group can be readily 
replaced by bromine or iodine, and by an acyl group. 
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X,(Br, or I,) / \ 
a eae 
—(HgBrCl or 
/ \ _HeOl, g . HeICl) O XxX 
6 aq. aa, NaOAc™ ) gc — 
7 RCOCI 
ne 


4. Diels-Alder reaction As furan is least aromatic of the five-membered heterocycles (the 
highly electronegatigve oxygen atom is very much reluctant to share its unshared electron 
pair of maintaining aromatic sextet), it behaves as a diene in the Diels-Alder reaction. 
For example, when furan is allowed to react with maleic anhydride in ether at 25°C, the 
exo-adduct (the thermodynamic product) is obtained predominantly. In fact, the endo- 
adduct the kinetic product is formed at a faster rate (through a low-energy transition state 
involving secondary orbital interactions) and then equilibrates to give the more stable exo- 
adduct (the cycloaddition being easily reversible). 


O _~x 
Furan Maleic 
exo-Adduct anhydride 
(80%) endo-Adduct 


(20%) 


Properly substituted furans also undergo intramolecular Diels—Alder reaction to give the 
corresponding adduct. For example: 


// \ Me Me Benzene 
O | 50°C 
OH 


| 
O 


OX yi 
OH 
II 
O 
aN 
wo Pa D-A 
[= Me 
Me Me 
HO Me 


OH 
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5. Reaction with carbenes Carbenes (generated in situ) add across the double bond in 
furan to yield cyclopropane derivatives. For example: 


H 


:CHCO,Et CO.Et 
N,CHCO,Et/hy [ y 
/ \ O 
. :CH. 
ij 2 
Furan CH,N,, CuBr > [ y 
O 


6. Reduction Catalytic reduction of furan yields tetrahydrofuran (THF), an industrially 


important solvent. 
fo X 7H > 
+ Raney Ni or Pd—~PdO } 


O O 
Furan THF 


Reduction with Na/alcohol or Zn/AcOH leads to the formation of a mixture of 1,2- and 
1,4-dihydrofuran. 


Na/C,H;0H 
/ oe \ or Zn/AcOH / i 
O O O 
1,2-Dihydrofuran 1,4-Dihydrofuran 


7. Gomberg reaction Furan undergoes the Gomberg reaction when treated with diazonium 
salts in alkali solution: 
| \\ +arnzci? NaOH , 4 - 
O a. 


Mechanism of the reaction 


The reaction takes place by a free-radical mechanism. 


Ar-N=NCIY > Ar n=nXOH —> ar-+ N, + -OH 


Cry on es LOO, 
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6.2.2.3 Reactions of furfural 


Several furan derivatives are industrially very important. Notable among them is furfural 
(furfuraldehyde) which is widely used for the preparation of dyes, plastics, etc. It is also 
used as a solvent in synthetic rubber manufacture, and as an extraction liquid in petroleum 
refining. It is chemically very similar to benzaldehyde. Like benzaldehyde, it undergoes 
the Cannizzaro reaction, the benzoin condensation, the Claisen-Schmidt reaction and the 
Perkin reaction. 


1. Cannizzaro reaction When treated with aqueous sodium hydroxide, furfural undergoes 
the Cannizzaro reaction leading to the formation of furfuryl alcohol and furoic acid (as 
sodium salt). 


: (Non ——- Cen ©. come 


| 
O 


Furfural 


Furfuryl alcohol Sodium furoate 


Mechanism of the reaction 


Of > OFT, aie OL a 
an i 
Ca a 


2. Benzoin condensation When furfural is allowed to react with ethanolic potassium 
cyanide, furoin is obtained. 


KCN 
2 CO cao HIOH (croc / : 
O 


Furfural : 
Fuiron 
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Mechanism of the reaction 
The reaction which is completely reversible proceeds 7. the steps as follows: 


oP 


‘es ont Che, 2 Ova! -oee® cae 


hes Ce O 

\-7 t 

Cerrone 
O 


3. Claisen-Schmidt reaction When furfural is allowed to react with acetone in the presence 
of sodium hydroxide, furylidene acetone is obtained. 


NaOH O 
U\. +CH,cocH, ———> / \ | 
CHO CH—CH—C—CH 
. Acetone o 5 
Furfural Furylidene acetone 


Mechanism of the reaction 
This condensation reaction ee through the steps as follows: 


H® 


CH,—C<CH Ht 2s | oH,—c=cH, <> CHy—C CH 


Me de “ , nil \ 
b 


(f\ TH 0 
bef \ RU en I 
ElcB O aia +C—CH3 on (ne 
OH :0° 
A B-hydroxy ketone 


e ‘ 
Ager ——> ov ~CH=CH—C—CH, 
OH 
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The enolate ion reacts with furfural to form a B-hydroxyketone which then undergoes 
base-catalyzed dehydration by E1lcB mechanism to yield furylidene acetone. 


4. Perkin reaction When furfural is treated with acetic anhydride in the presence of 
potassium acetate and the resulting mixed anhydride is hydrolyzed, furylacrylic acid is 


obtained. 
O 
(\ 1.Ac,0, KOAc, A ( \. I 
i. CHO 2.H,0 CH=CH—C—OH 


O O 


Furfural Furylacrylic acid 


5. Oxidation Furfural undergoes oxidation with a mild oxidizing agent like Ag,O to form 


furoic acid. 
a CHO COOH 


O O 


Furfural Furoic acid 


6. Reduction On reduction with H,./CuO-Cr,O, and H./Ni it gives furfuryl alcohol and 
tetrahydrofurfuryl alcohol, respectively. 


Oh, CO. 
ee —, -H __“ _, CH,OH 


O ~Cu0—Cr,0, ar O 
Tetrahydrofurfuryl Furfuryl alcohol 
alcohol a 


7. Electrophilic substitutions 


Nitration: { \ BAO A \. (5-Nitrofurfural) 
CHO O.N CHO 


O 


Bromination: U \. Br,/CH,Cl, A \. (5-Bromofurfural) 
CHO Br CHO 


O 
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To CM SOLVED PROBLEMS TO 


1. Explain why two isomeric products are formed from the same starting 


materials. 
EtO,C CH; 

(a) EAA + Chloroacetone 24Na0H y \ 

H,C~ SO 

Et0,C 
(b) EAA + Chloroacetone “Vaccine , ZX 

H;C~ +O CH; 
Solution 


(a) In this aqueous medium, the usual S,2 reaction between the enolate of ethyl 
acetoacetate and a-haloketoneis arrested and an aldol reaction occurs preferentially. 
An intramolecular displacement of chlorine then occurs by the enolate oxygen to 
give, after loss of a molecule of water, ethyl 2,4-dimethylfuran-3-carboxylate. 


3 
EtO,C qu EtO,C IP EtO,C CH 
N N =< 4 3 
CHY CH cus} cn,c1 CHCA 19 
aq. NaOH peg 2 ‘ u O 

ie oO: Ho" “oP eG 


EAA 


x20 
EtO,C CH; H 
OO No} 
EtO,C CH; { \ f | | SOH 
Fa C . 


H;C~ SO 


(b) Since acetone is a better Sy2 solvent, chloroacetone in first converted to iodoacetone. 
Iodoacetone then reacts with the enolate of EAA to yield a 1,4-diketone. Cyclization 
of the diketone then occurs to give ethyl 2,5-dimethylfuran-3-carboxylate. 


Cc Cl. C 
ZN ae Ai 2 Nene > CH? a CH, 
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L% He P H 

EtO,C_ EtO,C i EtO,C_ 
Soa Qo y :0 
| _NaOk = 


CH C CH, OH® 
| CH, CHs | 
H cS Aesene” H cL <Gpe Sy2 HC PSG ORS 
CH, 


CH; CHY ~9° (SoH H,C~ ~O 6° 


2. How can 3-bromofuran be prepared from furan by using a Diels-Alder 
reaction and a retro Diels-Alder reaction? 


Solution 3-Bromofuran can be prepared from furan by carrying out the reactions as fol- 
lows: 


Diels~Alder on Bry ant 
iy) 


nt 


NaOEt/EtOH 


. 5 Re) 
EtQ: syn-elimination 
Uy) A od D-A O 
Br 
O 


3- pe chiean 


3. How sudia. you carry out the following transformations? Give mechanisms 


of the reactions involved. [C.U. 2013] 
OH 
© YN Oo %Y-OO 
O 
F3C CFs 


"O- @ OO Qheos 
(e) a (f) (con ES 
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(g) / \ — / \ 

O~ “B(OH), O 

MeO,C —_CO,Me 
® of \o Veo 
@ /{ \—- f \ fs 
CHZ ~CH,; 

g J \ — 

Os, 7s ee ae ae 

— 2012, 2014, 2015] 

(k) / \—> HY \H 

O ier 


Solution 


ss Cha 


Mechanism: 


ee 
Br > ti 
2Li(Hg) —LiF 
cl, ae CK, A> ORS 
oe 
Ls on ee Co 


Naphthalene 


(b) C\ Oye 
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Mechanism: 
O+ = 
ore 2 2Li (Hg) SLi _iip on 
F (LiBr) a D—A 


a-Naphthol 
_ F3C CF; 
1. F;C—C=C—CF, 
cc) J \ eae = } ( 
O O 
Mechanism: 
O O 
if 
WO ey 
Ro +f) o> ff yj ae YT 
a ae 0 
CF, CF; CFs; 
A 
F3C CF3 retro D—A 
H,C=CHy, + // \ 
O 
3,4-Ditrifluoromethyl- 
furan 


d 1. n-BuLi 
© (\ O10 


O 3. H,0® O 


Mechanism: 
(ag fo, (Wn 2% [\ H,0° Cs 
—n- abun O ce CO,H 
O 


© O) \\ MEOH! > (MeO),CHCH,CH,CH(OMe), 
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OH OMe ®OH OMe 
o) 


KI, 5 
(f) oer aq. NaOH/100°C (\ 


O 


Mechanism: 


- | OI OF 
O O 
(g) U\V OH Hino, ff \ + H3BO; 
O ( Jo O 
Mechanism: 
6 ee 
By hs, Va ab, 
ae NY — ~~ 
pee O° B(OH), 8 
B(OH); or H3BO3 + { \ _| 
0 
my PT E00 Cs CO-ate NEDA ORS 
eo 2. H,/Pd 4 R? A 
O 3.A O 


O - H H® 
H® 
Lome eh en ot WV 
MeO eo = H H Lee 
* “OMe 
ra —H,0 ® MeOH A. \soi 
—_ OM OM M e 
MeO"(GH,OMe wedi — Foe Med OMe 


fo» 2) - ae LD tyke OO, 


H 
(9) 
B(OH); 
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Mechanism: 


R} ee R} 
Bae CO;Me Hyd. CO.Me 
> O: + “iin mole) 
CO2Me CO,Me 
CO,Me 
MeO,C Ln 
retro Diels—Alder 
CH,—CH, + = 
R! R2 
O 
) 
Gy og) Seen, (\ AL \ 
6) O ‘ec O 
H.C’ CH, 


Mechanism: 
@ 
PV iene —> OH oy te En Cy 
0 (protonated O ae" C(CHs). 


acetone) - CHY ‘CH, 


| 
Coat oR ale 


H, HC” H3 


) SLL ae + / \ 
: Onov CH,CN eon 


O 


Mechanism: 


_Be/MeOn H./  \VH 
(k) 00 
MeO O OMe 
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Mechanism: 
yee SO eee ate 
a O Br MeO 0 MeO O MeO 0 OMe 
aN ss ~~ OH 

g-CHs a” Ue 


N ~CHs 
Mechanism: 
a 2 J 
G Aye 9 


Panicle 
ox a Ns 
NCH; “x CH, fate HN Couns 


HO | 
O 


4. How would you carry out the following transformations? 
(a) {\ —? eee 
OT a sore 
(c) {\ —> ae 
(da) (\— eas [C.U. 2011] 
© hog ‘ors a 


Furfural yo 


(f) (S— €\ 
O N 


os acid 
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@ OO erscrnens 


Solution 


(CH;CO),0 
. ( } sa on 
3 


O O 
Br NaOM 
© OW orate cman Ba mo LO 
0” ~CO;Me Br~\o9~ “CO Me MeO CO.Me 


[Nucleophilic displacement 


of bromine by MeO°® becomes L \ 1. OH°/H,0 
possible due to presence of the MeO O 2. Cu/quinoline, A 
electron-withdrawing 
—CO.Me group] 


HeCl, Br, 
© ff > aioe Co ee 
gq. AcON: Cae 0 Br 


OH 
@ on? Sine (\ _NHJ/NH,Cl ane 
5 g° ~COCH; 4 NO SCH, 
a... _KCN (\ A —- solution 
is O CHOHCO | 


Furfural Furoin 
Ose Apes He “oss A) mentees a (4S 
enzi ic acl — 
rearrangement) O l| | O 
HO’ ~CO.H ‘coona - * 
Furilic acid Furil 
NH,/Al,O3 
@ [ SN 400°C [ \ 
O N 
H 
/ \ CH;CH,COCI / \ Zn—Hg / \ 
(8) ( \ AlCl; i \ _ CH,CH3 Hcl ae CHC 
O O C O H2CH,CH3 


5. What happens when furfuryl alcohol is treated with large excess of dilute 
hydrochloric acid? Give the mechanism of the reaction involved. 
[C.U. 2010] 
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Solution When furfuryl alcohol is treated with large excess of dil. HCl, 4-oxopentanoic 
acid (levulinic acid) is obtained. The reaction proceeds through the steps as follows: 


HOH, \ 
OS uta oro 


Furfury! alcohol 


— pH 4 
O- S84 ye OF Nj” ~CH, HO™ \o~ ~CH3; HO~ \o~ CCH, 
O : 
H—-OH, 
H,O ? ac, 
+H® CH [8 
dy 3 fas C CH 
O07 Nggl-CHs = O07 N§ Ros-H HO” “cH ~~c~ 


4-Oxopentanoic acid 
(Levulinic acid) 


6. How would you proceed to synthesize ethyl furantetracarboxylate by 
using ethyl acetate and diethyl oxalate? 
Solution 
The Feist-Benary synthesis of the given compound may be carried out as follows: 
Ge 7 . 
9 @ P | 


EtO—C—C—OEt 


9 
a ~OEE |CH,—C—OEt <—> CHy<C—OEt| "= | 


1. 2 
EtO—C—CH,—C—CO,Et 
pe I 
P G 


® 779 
HOe-bHY ACOs aes i ial 


tl 
bat, a coe 


Br 
II 


Tis then allowed to react with II in the presence of NaOH (or pyridine). 
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HOoH 
‘OH? a HQ) Hoo rt 
\ H CO2Et CO.Et 2m" one 
Naa aaa 2 Et0,C~7 Br _EtO2C O 
0" Bis ' CO,Et 
CO,Et OS “COsHt Br O 2 
; : CO,Et 
at CO,Et Et0,0 ce 
yan One _BY 
Et0O,C~ \o~ “CO,Et EtO.C7f CO,Et 


7. How would you prepare tetrahydrofuran-2,3,4,5,-tetracarboxylic acid 
from furan? 


Dorp a Oey 94 


Furan 
ed 
anhydride HOC 


HO,C” “go” “CO.H 


Tetrahydrofuran-2,3,4,5- 
tetracarboxylic acid 


Solution 


When the ozonide is treated with dilute acid, it undergoes decomposition to give a 
dialdehyde which is subsequently oxidized to the corresponding diacid by H,O,. The 
anhydride is also hydrolyzed to give two —COOH groups. 
8. Unlike furan, furoic acid can be directly sulphonated with conc. H,SO,, 
and nitrated directly with HNO./H,SO,. Give reasons and outline the 
mechanisms of the reactions involved. 


Solution Due to presence of the —I group (—COOH) in the ring, polymerization under 
much acidic conditions does not take place and so, sulphonation and nitration of furoic 
acid can be carried out directly with conc. H,SO, and HNO./H,SO,, respectively. 


Sulphonation: 


ino 
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Nitration: 
HNO./H,SO. 
HO SEINE - 

O 


9. Predict the product(s) expected to be formed in each step of the following 
reaction sequence and give the mechanism involved: 


/ \ 
Br 2 ) 
oe Bag oO >? BO 0 +9 


N low temp. 


Solution 


Step 1: When 3-bromo-2-chloropyridine is treated with the base BuLi, pyridyne is obtained. 


Br 
On BHO, OU) + Bucl + LiBr 
N 


N 
ae o- O+ 24 
Bi Pyridyne 
Step 2: A Diels-Alder reaction between pyridyne and furan to give an adduct. 


aaa 
So 
N 


Step 3: Hydrolysis of the adduct to give two isomeric hydroxy quinolines. 


H OH 
a. Toth er} gV- a @ 


5- oe 


Siekeae cae 


Heterocyclic Compounds 6.71 
e 


10. Furan reacts differently with nitronium fluoroborate and acetylnitrate 
(in pyridine) to yield 2-nitrofuran. Explain this observation. 
[C.U. 2011, 2015] 


Solution Furan reacts with nitronium fluoroborate by 5,2 aromatic mechanism to yield 
2-nitrofuran as follows: 


For the reaction of furan with acetylnitrate in pyridine, see article no. 6.2.2.2. 


1. A —°H° , CH,COCH,CO,Et + CICH,COCH, —"3-5 B [C.U. 2013] 
Identify the products (A and B) and suggest plausible mechanisms for the 
reactions. 


{[Hint: See article no. 6.2.2.1 (Feist-Benary synthesis) and article no. 6.2.1.1 
(Hantsch synthesis).] 


Po STUDY PROBLEMS FO 


1. When the following aldopentose (pyranose form) is treated with acid, furfural is 
obtained. Suggest a reasonable mechanism for this transformation. 


OH 
HO OH 
ee. ae 
HO~~O~~OH 0” ~~ 
O 


Furfural 
2. How can you obtain pyrrole from furan? Propose the mechanism of the reaction. 
[Hint: When furan is treated with ammonia in the presence of Al,O, and steam, 
pyrrole is formed.] 
3. Give mechanisms of the following transformations: 


T CHs 
O 
ae Me 
// \ conc. HNO, CX. 
©) 0” ~CO.H AcgO 0” NO; 


HCHO, Aq. Me,NH 
© we) AcOH ; ste Nie 
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q / \ Cl,CCHO, ZnCl, . {\ 
oe AcOH CH(OH)CCl, 


O O 


4, Write structures for the products obtained when 2-lithiofuran is allowed to react 
with (i) cyclohexanone (ii) Br(CH,),CL. 
5. Give structures for compounds A — G: 


3-BuLi 1.CO Hg(OA 
[ \\ > 758 gt Os. a Asn 


o) 
O arias |, Heck 


Gé< I, E CH3COCI1 > 

6. Do 2-hydroxyfuran exist? Give your reasoning. 
[Hint: No. It exists as its two keto tautomers. ] 

7. Give the steps for the formation of the open-chain compound from the following 
reaction of 2,5-dimethylfuran: 


8. Identify the products A — I: 
POCI1,/DMF KCN/EtOH HNO 1. NaOH 
(a) [ \ 7—>A snares 23 = sp 


é 2.H,0® 
O 
1.03 
(b) - + || O—F Ea aor? = 
O 
SOCI1 .KC 
(c) [\ 5 >G casa + I 
0’ ~CH,OH “= 


9. Predict the structure of the furan obtained in each of the following syntheses: 


_ 1. EtCHO 

(a) CH,=CHCH,MgBr —1-EiCHO__, 
3. CrO3/Pyridine 
4. BF; 


(b) CH,=C(Me)CH,MgCl nS 


3. H,0°® 


(c) (MeO),CH CH,COMe + CICH,CO,Me —tNa0Me_, 
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11. 


12. 


13. 


14. 


15. 


16. 


17. 


Predict structures for the product (major) from the following combinations: 


a CHs 1. DMF/POCI a ss iBall 
. 3 .n-Buli 
(a) / \ 2. aq. NaOH (b) / \ Br 2.H,O 


O O 
Ee 1.LDA 1. EtOH/H® 
() ff \ vacuo @ ¢ \ 2Bui 
4. H,0° 
ry" Br Br j \ 
re /\ .al \ ; 
letint: @) onc . ; (b) 5 (0 e CH,OH’ “ soe ee 


Which one is the most common method for the ring synthesis of furans? Write 
down the mechanism for this ring closing process. 

With what type of dienophile do furans react most readily and why? 

[Hint: Due to the aromatic character of furan ring and the inherent strain in the 
adduct, the cycloadduct is sensitive thermally towards reverting to the starting 
materials. Because of this, a powerful dienophile like maleic anhydride, DMAD or 
maleimide is to be used. Furans react with these dienophiles readily to give a good 
yield of the adduct.] 

Mention three distinctly different reactions of furans which confirm the relatively 
smaller aromatic resonance stabilization of furan compared to pyrrole and 
thiophene. 

Carry out the synthesis of 2-methoxyfuran from methyl o-furoate and any other 
needed reagents. 

How can furfural be converted to (a) ethyl 5-bromo-2-furoate and (b) 
1,2,5-tribromopentane. 

(Hint: (a) 1. Ag(NH,)$ ; 2. EtOH/H® ; 3. Br, (b) 1. H./Ni ; 2. HBr] 

Explain the following observation with plausible mechanism: 


os A~_/CO02Me 
hydrol. : 
Qo” OMe 4-Hydroxybut-2-enoic Methyl 3-formy]l- 
acid propanoate 


2-Methoxyfuran 
{[Hint: The 2-protonated 2-methoxyfuran produces the acid and the 3-protonated 
furan produces the ester.] 

How would you carry out the following transformations: 


O 


C Pgs 
oo Va 3 eee 
So" 


18. 


H,0® 2+H® 
nl Sw 7 A\ i pit jn 
OF On 


A furanxerivative 
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O 

(b) / \ — sos coats 

O CHO 
© QDwogg OW 
© OQWogo OW 

O CHO O CH,CH,COOH 
© OWego ahs 
Furan behaves as an enol ether. Comment. [C.U. 2012] 


: ; \ / : 
Hint: Enol ethers, for example, vinyl ethers C=C undergoes acid- 
z NOR 
catalyzed hydrolysis to yield an alcohol ROH) and a carbonyl compound of the 
corresponding enol tautomer. 


| 6 | | 
C=C—or 22°> —CH—C=O + ROH 


Similarly, furans, which are expected to be an enol ether obtained from the enol 
tautomer of a 1,4-dicarbonyl compound, undergoes acid-catalyzed hydrolysis to 
yield the 1,4-dicarbonyl compound through a dienol. For example: 


O 
A dienol A 1,4-dicarbonyl compound 


6.2.3 Thiophene and Its Derivatives 


Thiophene is the sulphur analog of furan and occurs naturally in the benzene fraction 
of coal tar and also, in crude petroleum. Since the boiling point of thiophene (84°C) is 
close to benzene (80°C), it is not possible to separate these two compounds by fractional 
distillation. A large number of thiophene derivatives occur in plants and animal 
metabolism. Biotin, one of the vitamins, is a tetrahydrothiophene. Banmonth (Pyrantel), a 
valuable anthelminth used in animal husbandry, is one of the few thiophene compounds in 
chemotherapy. Contribution of two electrons by the sulphur atom completes the aromatic 
sextet in the molecule of thiophene and as sulphur is less electronegative than oxygen or 
nitrogen, it is more aromatic than other five-membered heterocycles. Like pyrrole and 
furan, the heteroatom of thiophene is also numbered 1. 


(B)4 3(B) 


| a Vrs 
S 


1 
Thiophene 
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6.2.3.1 Synthetic Methods 


1. From butane and acetylene Thiophene is manufactured (i) by cyclization of butane with 
sulphur and (ii) by passing a mixture of acetylene and hydrogen sulphide over heated 
alumina (Al,O3). 


CH,—CH : 
J : — +45 2c, / \\ + 3H,sT 
S 


CH; CH, 
Butane 
Ease fae O 
| +H.S+ || ee / \ + H,7 
C C g 
H H oe 


2. From sodium succinate The laboratory method for preparing thiophene consists of 
heating a mixture of sodium succinate and phosphorus trisulphide (P.8,). 


a ay 
NaO.C  CO§Na® + P2S3 RS 


3. Paal-Knorr synthesis This is the most general method for the synthesis of substituted 
thiophenes. It involves heating an enolizable 1,4-dicarbonyl compound with phosphorus 
pentasulphide (P,S;) which acts as the source of sulphur. For example, when acetonylacetone 
is heated with P,S,, 2,5-dimethylthiophene is obtained. 


not Jom seer, LM 
° 00 H3C° *“S” ‘CH; 
Acetonylacetone 2,5-Dimethylthiophene 
Mechanism of the reaction The reaction proceeds through the steps as follows. In the 
first step a C=O group is converted to a C=S group and in the second step, cyclization 


involving nucleophilic attack by the more polarizable sulphur on carbonyl carbon followed 
by dehydration occurs to give the product. 


Peres etter eta teat hea clk tote tactic eeen ey eanat a tear athad ie nite ea eee alae: Cigar ene rusia: eed enn eden 
4. Hinsberg synthesis This method involves the reaction between a 1,2-dicarbonyl 
compound and diethyl thiodiacetate in the presence of a strong base. For example, when 
benzil is treated with diethyl thiodiacetate in the presence of ¢t-BuOK, and finally acidified, 
5-carboethoxy-3,4-diphenylthiophene-2- carboxylic acid is obtained. 


| 1.4-BuOK , 
Ph. UC. + EtO,C~"S“ co, Et eee 
C Ph ° EtO,C CO.H 
I Diethyl thiodiacetate 2 


Benzil 5-Carboethoxy-3,4- 
diphenylthiophene-2- 
carboxylic acid 


Mechanism of the reaction The mechanism of the reaction involves two consecutive aldol 
reactions between the reactants. This can be outlined as follows: 


Vv 


Ph-@~o-Ph 
Q | 


oe ee 0 
HiO;C" “8S "C0,ke > | 


COPh 

a Jae Ph Senet Ph 

J Ng BONY TED py tv? a we 0 

A C C+0* Et0,C— moe :0 6 
EtO,C S—CHCO?K® BLO, \s—cft, x“ a 


bp 


Og 
Ph Ph H,0° Y \ 
i 7 - c . 
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6.2.3.2 Properties and Reactions 


Thiophene is a colourless liquid. It has a benzene-like smell and is immiscible with water 
but soluble in most organic solvents. The magnitude of resonance energy of thiophene is 
higher than that of pyrrole and furan. Therefore, it is most aromatic and least reactive 
among the three five-membered heterocycles. Since the sulphur atom belongs to the second 
row elements of the periodic table, it can expand its valence shell by using the empty 
d-orbitals in hybridization. Consequently, instead of having six electrons in five orbitals 
(as in the case of pyrrole and furan) thiophene by using d-orbital might have six electrons 
in six orbitals. This fact probably accounts for the very much stability of thiophene and its 
resemblance to benzene in physical and chemical properties. 


Some important reactions of thiophene are as follows: 


1. Reactions of protonated thiophenes When thiophene is treated with hot phosphoric acid, 
a trimer is obtained. 


Mechanism of the reaction: 


[F\ re TH ©, 


Trimer 


2. Electrophilic substitutions The order of reactivity towards electrophilic substitutions 
at carbon amongst the five-membered heterocycles is pyrrole > furan > thiophene. Thus, 
thiophene is least reactive, yet it is much more reactive than benzene by a factor of 10°10”. 
The majority of the reactions follow the same mechanistic pathway as those of benzene 
and the preferential attack by the electrophile takes place at position-2. 


(i) Nitration Nitration of thiophene is carried out with the mild nitrating agent acetyl 
nitrate CH,;,COONO, (a mixture of acetic anhydride and nitric acid) at 10°C to yield 
2-nitrothiophene as the major product (95%). 
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/ \ conc. HNO; + Ac,O; 10°C U\. 
wo 
Thiophene 2-Nitrothiophene (95%) 


The mechanism of the reaction is similar to that of furan. When nitration is carried out with 
nitration mixture (conc. HNO, + conc. H,SO,), 3-nitrothiophene is obtained in 15% yield 
along with 85% of 2-nitrothiophene. Nitration of 2-halogen substituted thiophene with 
HNO./H,SO, gives exclusively the 4-nitro product. Nitration of thiophene-2-carboxylic 
acid with HNO./H,SO, gives a mixture of 5-nitro (75%) and 4-nitro (25%) products. 


(ii) Sulphonation Incontrast to benzenes, it undergoes ready sulphonation by concentrated 
sulphuric acid at room temperature. 


{ \ Ses ( \ ~~ 


S S 
Thiophene Thiophene-2-sulphonic 
acid (75%) 


Much better yield (90%) of thiophene-2-sulphonic acid is obtained when sulphonation is 
carried out with pyridine-SOs. 


The mechanism of sulphonation with conc. H,SO, is similar to that of benzene. 


(iii) Halogenation: 


sea 2 SC cl’ “Ss” ‘Cl 
2-Chlorothiophene 2,5-Dichlorothiophene 
(36%) (14%) 


| \ Br,/AcOH // \ (Thiophene can also be 
30° a” py brominated at 2-position 


ot S 
S bad 
Thiophene 2-Bromothiophene py NES) 
(78%) 
. & 
2 Ss I 


2-Iodothiophene 
(70%) 
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(iv) Chloromethylation and formylation Thiophene can be chloromethylated by formaldehyde 
and hydrogen chloride in the presence of anhydrous zinc chloride. This can be formylated 
by the Vilsmeier—Haak reaction. 


HCONM HCHO/HCI 
{\ <—_ pod, = / \ anhy. ZnCl,” U\ 
_ - P ( 7 \ «CH, 


S CHO (Vilsmeier—Haak) S S 
Thiophene-2- 2-Chloromethylthiophene 
carbaldehyde 


Thiophene-2-carbaldehyde undergoes the Cannizzaro reaction and the benzoin 
condensation. 


(v) Alkylation and acylation: 


CMes 
CH3COCI1 SOB gn Oa =CH, 
(\ <—sa, — 2 75% H,S0, > i \ + - ( 
COCHsg (Friedel-Crafts) 60—70°C S CMes S 
BcAcatyishiophens 2-tert-Butyl- 3-tert-Buty]l- 


thiophene thiophene 


3. Metallation of thiophene Thiophene reacts with butyllithium to form 2-thienyllithium 
which can be converted to thiophene-2-carboxylic acid. 


ar fe BOL —Bul, (= ae 8 ores NY Ori Ho, 11,0 aN 
“| 


Thiophene can be mercurated at the 2-position by treating with mercuric chloride in 


aqueous sodium acetate. 
[| \ HCl, Cs 
S aq. ‘bo. Nac” HgCl 


4. Oxidation Thiophene on oxidation with m-CPBA gives a mixture of sulfoxide and 
sulphone. Both of them are unstable and react instantly to give a Diels—Alder adduct. 


[ \ _m-CPBA va G2 \ ; _DielsAlder Pisecaer, [so | S 
~ or = 
Yo No 


ee ee ns 
sulfoxide een Adduct 


sulfone 


CO,H 
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5. Reaction with carbenes Carbenes (generated in situ) add on to the C-2—C-3 bond of 
thiophene to give the cyclopropane derivative. 


H 
TNo + (V7-coune eG ae [ Seas oe ( rns 
Thiophene 


6. Reduction Thiophene or reduction give products depending on the reducing agent and 
the reaction conditions. 


Hy is / \ 
Pd(2 equiv.)/C 


Ss 


aX Tetrahydrothiophene 
( \ —_ (70%) 

NS) 

Thiophene Nallig. NH, j — 

MeOH, 40° > e 

(Birch reduction) Ss SS) 

2,3-Dihydrothiophene 2,5-Dihydrothiophene 
as 
i 
CH; —CH =CH— CH, 
2-Butene 


7. Diels-Alder reaction Thiophene generally refuses to undergo the Diels—Alder reaction. 
However, it combines with the extremely reactive dienophile dicyanoacetylene. 


CN 


100°C 
[| \\ + N=c—c=c—c=N > Cl 
/ \ 12h on 


8 


Mechanism of the reaction 
The initially formed Diels—Alder adduct undergoes cheletropic reaction to yield 
1,2-dicyanobenzene. 


, 
Ps Disle-Alder, acu Big oon 
= C a” CN 
a) 
CN 
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To CM SOLVED PROBLEMS TO 


1. Why is commercial benzene normally contaminated with thiophene? How 
can thiophene-free benzene be prepared from contaminated benzene? 


Solution Thiophene occurs naturally in the benzene fraction of coaltar. Since the boiling 
points of benzene (80°C) and thiophene (84°C) are very close, it is not possible to separate 
these two compounds completely by fractional distillation. Because of this, commercial 
benzene is normally contaminated with thiophene. 


Thiophene can be separated from benzene by making use of the ability of thiophene 
to undergo sulphonation reaction more readily than benzene. The resonance hybrid of 
thiophene shows that the ring carbons are more electron dense than those of benzene. 
For this reason, thiophene undergoes sulphonation at a faster rate than benzene. In fact, 
sulphonation of thiophene can be carried out by conc. H»SO, at room temperature, whereas 
sulphonation of benzene cannot be carried out at room temperature. The technical grade 
benzene is shaken repeatedly with about 15% of its volume of cold conc. H,SO, until the 
acid layer is colourless or very pale yellow. Thiophene undergoes sulphonation readily and 
the resulting thiophene-2-sulphonic acid dissolves in the acid layer. The benzene layer is 
separated, washed with water, dried with fused CaCl, and finally distilled. 
conc. H,SO 
{ \ sume, of 
S S~ ~SO3H 
Thiophene Thiophene-2-sulphonic acid 
(water-soluble) 
cone 2804 5 No reaction 
Benzene 


2. Suggest a mechanism for each of the following reactions: 


(a) Sn —— ae 
Br 
(b) al \\ recom Na, Ay 
S 


a ie 


MeO” . 
= AL = AL 
Br ~§~ ~NO» MeO” “§~ ~NO 


2 
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aa CH,COONO vrs 
(d) / \ eee 2s ‘ax 
g g NO, 
CO,H CO,H 
© f-\ Br,/AcOH IS 
S Br ~S 
© J \+ fy | 
(\-a-ag 
CH,CO,Et 
w E\ 2zsiwoames, 
S S) 
Solution 
« Ch, Suh i CV, 2 Ob 3 
NH, NH» 
z NH, ZS 
/ \ —NH$ / \\o 
S) Ss 


(The negative charge 
adjacent to sulphur 
is stable) 
(b) See the answer to the Solved Problem 3(i) of article 6.2.2. 
(c) The compound undergoes nucleophilic substitution of bromine due to presence 


of the electron-withdrawing —NO, group which is properly placed to stabilize a 
negative charge. 


‘y TG eo MeOH COR yore ae ow oa 


d 


(d) 3-Methoxythiophene on nitration ene 2-nitro-3-methoxythiophene because the 
—OCH group is electron-donating and ortho-directing. 


OCHs i “ 


eau O 
a Cre cH. ay CH,CO@: 
Q NO, 
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(e) 


Electrophilic attack by Br® avoids placing the +ve charge on C-3, which is already 
attached to an electron withdrawing —COOH group. Substitution actually takes 
place at the position meta to the —COOH group, i.e., at C-5. 


HOC HOC HOC 
— 
Pie +BrCBr —> =. H a ae / \ 
S S Br" S Br 
C 
0 Cprs]- CRA > Orb Cro 
Ss S S 
= 
H W® 
(g) N,CHCO,Et “> wy poco > f ly CO2Bt basal 
A carbene 
CO.Et CO,Et 
(5 Nee FF 
3. Provide structures for compounds A-Kin the following reaction sequences: 
O, 
(a) te Na® = e >A Maleic oes >B 
H3C 
(b) y . nBoliy ¢ o> D 
DMF , EtOH/H® Raney Ni 
(c) ( \ PUCI,” > Fg” & 
(d) [ 7 NCOOCHss Fy —S 5 ] 
S 
OH 
(e) NaNO,/HCl i ad 
e oe OH® 
Solution 

(a) 


—— OW. —— CO \ en, 
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H3C. H3C 
. Ga  s os / \ 
Ss 


S~ ‘COOH 


(c) E => [\ ; F => {\ ; G => CH;(CH»)sCH(OEt), 
S~ ‘CHO S~ ‘CH(OEt)>, 


@ H=> [$ xcooc.t, ;i=>/ \ 
N 
| 


CO.Et 
lr [\n x. 
ts Oe oe 
s~ \N,CI® S NON Nk 


4, Identify the reagent(s) required in each step of the following reaction 
sequence leading to the formation of 2,3,4,5-tetramethylthiophene: 


° CH CH; 
cH ON cH COnEt +» CH, COCH —-CHCOCH: +» oHC0r— Tce 
3 2 
EAA CO,Et CO,Et CO,Et CO,Et 
H3C. CH3 H3C\ HS 


i \ 9 CH——CH 2 
. -— [ \ < 
H,C~” “S~ “CH; H,c’No ot CHa 


Solution Step 1: 1. NaOEt ; 2. I, ; Step 2: 1. NaOEt (2 equiv.) ; 2. CH,I (2 equiv.) ; Step 
3: 1. OH°/H,O ; 2. H,0°/A ; Step 4: P,S,/A. 

5. Thiophene undergoes Diels-Alder reaction under specific conditions. 

Comment on this statement. [C.U. 2012] 


Solution See article no. 6.2.3.2. 


1. How would you carry out the following transformations: 


(a) OS ON cere ctt— cout 


COOH 
(b) [ \\—> 
Sane 
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S Ss 
@ ¢§ \— +f \ 
oe oe 
© & hou GY 
Ss COOH S ye) 
Of Vg — Sy 
s os 


2. Predict the products (A-C) and suggest a mechanism for step 1 and step 3 of the 
following reaction sequence: 


i) 
(\ KCN/EtOH yy Ol. p Le 
<~ “CHO _ 


S 


3. Suggest a reasonable mechanism for the following reaction: 


MeO OMe 
CO,Et 
| * "+ Et0,C—CH,SCH,—CO,Et $yre > / \ 
CO,Et HOOC~ ~“s* ~COOH 


4, List the reactions with suitable examples to demonstrate the similarities between 
thiophene and benzene. 

5. How would you prepare n-decane from thiophene? 

6. How could one transform 2,5-dimethylthiophene into (i) its S-oxide and (ii) S, 
S-dioxide. 

7. — the a observations: 


‘ 
O 6 
1. LDA/THF, -80°C al 
©  [\ thre fy 
Er Br ~S 


CO,Et 


©) O\ CICO,Et/Et,0 ae 
CH,MgCl Me 


Ss 


10. 


11. 


12. 
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HN » 
(d) A MeOH: rt.” A 
S NO, S NO, 


Br 


Predict the structure of the compounds obtained when thiophene is treated 
successively with (i) Bui, (ii) CO,, (iii) H,0® and (iv) thiophene in the presence of 
Identify A, B and C in the following reaction sequence: 


C1SO.H conc. HNO H,O 
i \\ Se A Sg > B °C (C,H NSO.) 
S 


—15°C 


Explain why C cannot be synthesized in one step from thiophene. 


NO, 
Hint: C—=> [ { (CyH3NSO,) 
S 


How could one introduce the following substituents at the 2-position of thiophene: 
(i) —CH, (OH) t-Bu, (ii) —Ph and (iii) —CH,CH,OH? 
Identify A, B, C and D in the following sequence of reactions: 


ane Bry Hy/Ni H,0° P)Ss 
2,5-Dimethylfuran McOH-O°G > A —B — C TD 


Hint: A=> ca Oe cae B= a a on : 
Br O Br Br O Br 


=> 2 
o \ 4 = Me 


Me OO Me Me 


Discuss a method in which a common precursor can be used to synthesize furan, 
thiophene and pyrrole. 

[Hint: All the three five-membered heterocyclic compounds can be synthesized 
from 1,4-dicarbonyl compounds. The method is known as Paal-Knorr synthesis. ] 


6.3 SIX-MEMBERED HETEROCYCLIC COMPOUNDS WITH ONE HETEROATOM 


Typical six-membered heterocyclic compounds include a-pyran, y-pyran, thiopyran and 
pyridine. 
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4 4 4 4 
GQ ww a 
BNR A 2 6BN RA 2 6 2 6a 2 
Q Q S N 
1 1 1 1 


a-Pyran yPyran Thiopyran Pyridine 
Out of these four compounds, only the chemistry of pyridine is discussed in this article. 
6.3.1 Pyridine and Its Derivatives 


Pyridine is the simplest and probably the best-known heterocyclic compound. It is found 
in coaltar and bone-oil. It is an important solvent and raw material for the synthesis of 
a large number of industrially important compounds. It forms the basic skeleton of a 
number of alkaloids and of many synthetic drugs. It is obtained from light oil fraction of 
coal-tar by treating the latter with dilute sulphuric acid. This dissolves pyridine and other 
basic substances. The acid layer is neutralized with NaOH and the liquid is repeatedly 
fractionated. 


Structure of pyridine The structure of pyridine has close resemblance with that of benzene 
(the nitrogen atom replaces one of the CH units in benzene ring). The five carbon atoms 
and the nitrogen atom of pyridine are sp7-hybridized and so, all of them lie in one plane. 
Nitrogen utilizes two sp” orbitals, each containing one electron, to form two N—C o bonds. 
The remaining sp” orbital carries an unshared pair of electrons. This orbital lies in the 
plane of the ring, but is directed away from it. The singly-occupied p-orbital on each carbon 
and the nitrogen atom overlaps each other to form a z-electron cloud of six z-electrons 
which lies above and below the plane of the ring. The z system of pyridine is isoelectric 
with the z system of benzene. Like benzene it obeys Huckel’s rule and is aromatic. The 
nonbonding electrons on nitrogen in pyridine are not used to complete the aromatic sextet 
and therefore, unlike pyrrole, these are readily available for co-ordinating with a proton. 
This explains why pyridine is more basic than pyrrole. 


sp” orbital perpendicular 
to the p-orbitals but 
coplanar with the ring 


Unshare pair not 
involved in maintaining 
aromatic sextet 


V 
o_O Ne 2 = 


Pyridine 
[aromatic: (4n + 2) x 
electrons, where n = 1] Orbital picture 


of pyridine 
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6.3.1.1 Synthetic Methods 


1. From acetylene and hydrogen cyanide Pyridine can be synthesized by passing a mixture 
of acetylene and hydrogen cyanide through a red-hot tube. 


oN 
ie ( a red-hot tube > 
H inv = 


Pyridine 

2. From the hydrochloride salt of pentamethylenediamine Another method consists in 
heating the hydrochloride salt of pentamethylenediamine followed by oxidation of the 
product (piperidine), either with concentrated H,SO, at 300°C, or by dehydrogenation 
(Pd-C). 


Sk A Pd/c ZA 
@® 
CPHN NH,cr° ba Hy” SY | 


Hydrochloride salt of ; H : ae 
pentamethylemediamine Piperidine Eyridine 


3. Hantzsch synthesis This is probably the most important synthesis of pyridine and 
involves condensation of a $-dicarbonyl compound (2 moles) with an aldehyde (1 mole) 
and ammonia (1 mole). One mole of the $-dicarbonyl compound undergoes base-catalyzed 
condensation with the aldehyde to form an a,f-unsaturated carbonyl compound. The 
resulting enone has two carbonyl groups at one end of the double bond and is, therefore, 
a very good Michael acceptor. A second molecule of enolate does a conjugate addition to 
complete the carbon skeleton of the molecule. Ammonia then attacks either of the ketones 
and cyclizes on to the other to form a dihydropyridine. Since ketones are more electrophilic 
than esters it is to be expected that ammonia will prefer to react there. The dihydropyridine 
is then oxidized with HNO, or DDQ to form the corresponding pyridine. 


CH; 
0 0 EtO,C CO,Et 
C C +CH;CHO +NH;—> | | 
2 CHy~ “CH,~ ~OEt are H3C~~y~ ~CH3 
Ethyl acetoacetate si ad . = ae 
A dihydropyridine 
HINO,|—2H 
CH; CH; 
A 1.0H9H,0 EtO,C.2~_CO2Et 
so <3. cao Se 
H3C~ “N” ~CHs (-2C0,) a 


2,4,6-Trimethylpyridine 
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Mechanism of formation of the dihydropyridine: 


e Formation of an a, §-unsaturated carbonyl compound (I): 


yo a (or ip CH a OF 
CH.—C No, CH 3—C CH;~4 “H 3 | 
; Soult a <p — \CH—CH—CH, 
EtO,C EtO,C’ EtO,C” 
|X 


(6¢ O 
“ +OH 7~ OH 
CH;—C 6 CHC. © f CH;—C | 
\C=CHCH, <2 ‘So CH ne ee 


ri 
EtO,C EtO,C CH; EtO,C 


e Formation of a 1,5-diketone 


EtO,C ee a EtO,C sf cos ad EtO,C ple Gaus 
+ 46 —> —<—- + 
O “O O C6: O “O O 


e Formation of a dihydropyridine 


EtO,C CO,Et >: EtO,C CO2Et EtO,C CO;Et 
oC eos, © Tagg kit 885 i on 


EtO,C CO.Et EtO2C CO.Et 

2 and 2 —2H,0 H +H® 

. HO OH 
N 

H H 


Hantzsch pyridine synthesis actually involves combination of two aliphatic skeletal 
fragments such as follows: 


om b+ C 

C Cc os 
a a eo 
Cs. he Ce 


Synthesis of Some Pyridine Derivatives (Target Molecules) through Disconnection Approach 


1, ea (2,6-Dimethylpyridine) 


N 
TM(1) 
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Retrosynthetic analysis 


Joo 2xC—N H.N—OH + iaeee 1,5-diCO Be n 
N OO O 


Specific enol(ate) 
equivalent needed 


Synthesis 
EtO.C : 
1. oe 2 Kok ee 1. dil. KOH NH,OH 
proc Kone, 2H,A or 
Ee 
addition) 
jou ra. 
ae (1) ou 
a CO,Et . eae 
2. mn (Ethyl 2,4,6-trimethylpyridine-3-carboxylate) 
N 
TM (2) 


Retrosynthetic analysis 


Geel 2x C—N cme a, B ce i fo 
N O O 


OO 
+ NH3 
Synthesis 
O O O NH, 
Pe a L_ CO, Et ———> TM (2) 
Mechanism 


mH) 9 


BOOS BOCs) J 
My Le ae oS an —S 
CO.Et _ CO,Et 
TM (2) <S#s_— a air ey : 
OO O.G¢ 
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Cl 
Cl 
3. Et0,C\~-CO.Et 
N 
TM (3) 


Retrosynthetic analysis 


Cl Cl 
Cl Gi Cl 
- EtO,C CO,Et CO.Et 
x C—N ,0-diCO 
EtO,0\ 24, -COgnt Fee YT Sy SEE Le : 
| Enamines O oa 

N + NH, 
B 


00 
I 
cl 


CO,Et 
Cl + = 
H~ “Oo 2 
Synthesis 
Cl 
Cl 
Cl EtO.C CO,Et 
Et0.C- + TL TI > TM 8) 
O Cl N 
(2 equiv) H- So H 
A dehydropyridine 


6.3.1.2 Properties and Reactions 


Pyridine is a colourless liquid having boiling point 115°C. Because pyridine has a large 
dipole moment (2.23D), it is best regarded as a resonance hybrid of contributing Kekule 
and charged structures. 


® 


The resonance energy of pyridine from combustion data has been obtained to be 31.9 + 2.0 
kcal/mol which is less than that of benzene (36 kcal/mol). Its greater polarity accounts for 
its higher boiling point. Pyridine is completely soluble in water and most organic solvents. 
Its solubility in water is due to the presence of excellent H-bonding between pyridine and 
water molecules. 
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Pyridine is considerably basic than pyrrole, but less so than an alkylamine. As the nitrogen 
atom becomes progressively more multiply bonded, the lone pair is accommodated in an 
orbital which has more s-character (sp? as compared to sp? in aliphatic amines). These 
electrons are thus drawn closer to the nitrogen nucleus and held more tightly by it. As a 
consequence, the unshared pair becomes less available for coordinating with a proton with 
the resultant drop in basicity of pyridine as compared to aliphatic amines. 


RNH, 3. \ N: 7 / \\ 
N 


H 
< Basicity increases 


Some important reactions of pyridine are as follows: 


1. Reactions due to its basic property A number of reactions of pyridine take place at the 
nitrogen atom. The reactions in which its basic property is used are given below: 


X, (K=Br or Cl S36 & x: 
a Es (NK: UX 


(a good halogenating agent) 


EtO,C—CH,-CHBr—Co,Et  EtO,C, /H —\ . 
(Dehydrohalogenation) fm f — \ 5a Oe, NH Br 
H CO,Et 
HCl a l 
> — 
N® cy] 
H C 
AICL “a 
= al 8 > ~ | 
~ SN 
> 
Pyridine SAIC, 
SO, —e 


The compound obtained when pyridine reacts with acyl chloride is believed to be the 
active species in the acylation of hydroxyl- and amino-compounds with acyl halides in the 
presence of pyridine. 


eee eee eee 
2. Electrophilic substitution Pyridine undergoes electrophilic substitution more slowly 
than benzene. An inspection of the resonance structures of pyridine makes it clear that the 
ring is deactivated towards electrophilic substitutions due to electron withdrawal from the 
ring towards the electronegative nitrogen atom. It thus follows that pyridine resembles 
a highly deactivated benzene derivative such as nitrobenzene towards electrophilic 
substitution reactions. The electrophilic substitution may thus be accomplished only with 
extreme difficulty and only under severe experimental conditions. A further deactivation 
is caused when the reaction is carried out in acidic medium and this is because protonation 
of the N atom results in formation of pyridinium ion. 


Pyridine undergoes electrophilic substitution predominantly at the 3-position. Electrophilic 
attack at the 4-position of pyridine yields an intermediate ion that is a hybrid of structures 
I, II and III, attack at 3-position yields an ion that is a hybrid of structures IV, V and VI 
and attack at the 2-position forms an intermediate ion that is a hybrid of structures VII, 


VIII and IX. 
E H E H E H/| 
sus « GH 3 OF 
N N N 
Il 


I 


(Especially unstable: 
nitrogen has sextet) 


' H H 2 _H| 
7—~3 K® | 3-attack A a 
Vv VI” 


Pyridine IV 
gattack |(~ RB <> ie <> [el]LE 
Sy SS a) 
VII VIII Ix 7 
(Especially unstable: 


nitrogen has sextet) 


All these structures are less stable than the corresponding ones for attack on benzenes 
due to electron attraction by the N atom and it is for this reason, pyridine undergoes 
substitution more slowly than benzene. 


Out of these nine structures II and IX are especially unstable because in these the 
electronegative nitrogen atom has only a sextet of electrons. The intermediates obtained 
on 4- and 2-attack are, therefore, much less stable than the intermediate obtained on 
3-attack which contains no such unstable resonance structure. As a result, attack at the 
4-position (or 2-position) is especially slow, and substitution occurs predominantly at the 
3-position. 
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Typical electrophilic substitution reactions of pyridine are nitration, sulphonation 
and bromination. It is to be noted that all these reactions are performed under drastic 


conditions, due to deactivation of the ring. 


Nitration cr NO» rn Gh 
H Sy 
ri ae Rae 
3-Nitropyridine 2-Nitropyridine 
(major) (minor) 
a Sulphonation cr SO3H 
SN SO;, H,SO, SN 
= HgSO,, 220°C ie : 
Pyridine Pyridine-3-sulphonic 
acid 
Bromination a | Br + Br a l Br 
Br,/300°C S 


3-Bromopyridine 


3,5-Dibromo- 
pyridine 


Pyridine does not undergo the Friedel-Crafts reaction. It forms a complex with AICl, 
which is highly unreactive towards the attack by carbocations. 


3. Nucleophilic substitution Since pyridine ring-resembles rather closely a benzene 
ring containing strong electron-attracting substituent (e.g., —NO,), the most important 
substitution reactions of pyridine are nucleophilic substitutions. The nucleophilic 
substitution in pyridine takes place readily and preferentially at 2- and 4- positions. This 
may be explained on the basis of stabilities of the intermediate carbanions resulting from 


attack at different positions. 


2-attack 5 a Say 
: Nu 
I 
Be, Ge L H 
— —~3 Nu 3-attack — 
SN No > Cre 
Pyridine Iv 
[H Nu 
4-attack 5 CT 
Ny 
~ VII 


<> C “LH <> [ea 
NT ~Nu NT ~Nu 
II I 7 
(Especially stable) 


H 2 HI 
Vv VI” 
H Nu H Nu 
N N 
IX 


VII 
(Especially stable) 
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Each of the carbanion intermediates resulting from attack at 2- and 4-positions contains 
one especially stable resonance structure (III and VIII) in which the negative charge is 
accommodated by the electronegative nitrogen atom. No such especially stable structure 
is found in the carbanion resulting from 3-attack. The former intermediates are, therefore, 
more stable than the latter and because of this substitution occurs more readily and 
predominantly at the 2- and 4-positions than at the 3-position. 


Some typical nucleophilic substitutions of pyridine are given below: 
1. Chichibabin (Tschitschibabin) reaction Amination of pyridine with an alkali metal amide 


(NaNH, or KNH,) is called the Chichibabin (Tschitschibabin) reaction. For example, when 
pyridine is heated with NaNH, in toluene, 2-aminopyridine is obtained. 


a 1. NaNH,/toluene, 100°C a 
| “2H,0 . | 
N 7 “N- NH, 


Pyridine 2-Aminopyridine 


Mechanism of the reaction 


} 
When pyridine is subjected to react with strongly nucleophilic :NH, ion, it undergoes 
nucleophilic substitution (because of its own in-built capacity for electron withdrawal) 
in which a hydride ion (H®) acts as the leaving group. The substitution occurs mainly at 
2-position. The mechanism of the reaction involves the steps as follows: 
Step 1: A resonance-stabilized carbanion intermediate is formed when the nucleophile 


) 
‘NH, attacks at the 2-position of pyridine. This is the rate-determining step of the reaction. 


Q iti gS & 
| SL/NE NH, Aston [. LH <> "L LH <> (LH Na 
N N- SNH, NSN, N<NH, 


Step 2: A hydride ion (H®) is eliminated to yield 2-aminopyridine. The driving force for the 
elimination of the hydride ion (a poor leaving group) is the restoration of the aromaticity 
of the pyridine ring. 


* . . 9g 
Gah Elimination l = - i: NSH 
N5 “NH, (ae) NW NH, 


A subsequent reaction takes place in which the hydride ion (a strong base) abstracts a 
proton from 2-aminopyridine to form a sodio salt and H,. 


= os SS SS 7 
| f* NEG? eur <> Ge a+ Hot 
er : NA\NH wANH| N@ + Be 
9 4 


The sodio salt is finally converted to 2-aminopyridine by adding cold water to the reaction 
mixture. 
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Cle @ + H2O ——> ie + NaOH 
N*~NH Na N~~NH, 


2-Aminopyridine 


Some other nucleophilic substitution reactions in which hydride ion acts as the 


Prati, Gerke + Lil 
Ph 


Lil + CS er Buti = 2-Phenylpyridine 
N7 NZ 


n-Bu LN 
“=~S 
2-Butylpyridine Soa Coho = Gok, 
H 


2-Pyridinol 2-Pyridone 


leaving group are as follows: 


2. Displacement of halogens The activating influence of ring nitrogen atom towards 
nucleophilic substitution is also reflected in the facile displacement of halogens in the 2- or 
4-position of pyridine. For example, when 2-bromopyridine and 4-chloropyridine is heated 
with NHg at 200°C, 2- and 4-aminopyridines are respectively obtained. 
Cl NH, 

~ NH, ~ ; =~ NH, =~ 

ee ae [eee Ny 200°6 SW 
2-Bromopyridine 2-Aminopyridine 4-Chloropyridine 4-Aminopyridine 


Mechanisms of the reactions 


ve ® S ® 9. 7 
( LY —“H> | LINE, <> “(C “LNH; <> (NH; 
N= ~Br x Br N~™Br N CBr | 


9 
HBr + Gk SN | @ 6 <a 
NH, SNS, Be 


@ @ 
Cl Cl NH; Cl NH; Cl, NH; 
N 
N : N 
@ 
NH, NH, 
nos 2} = cof 


3-Halopyridines are expected to be very inert to such direct substitution reactions. 
However, they are attacked by strongly basic nucleophiles and the products are obtained 
through the formation of benzyne-like intermediates, called pyridines. For example: 
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NH, 
Cl NH 
S KNH, = S 2 
a ee G+ QS 
3-Chloropyridine 4-Aminopyridine 3-Aminopyridine 
Mechanism of the reaction 
Cl Awe £2 SCl _op Qe 78 & NH 
l S :NH3 SS —Cl l S :NH, l SS 2 
Nw N7 Nn Nv 
| [ys 
NH, NH, . 
es 7 NH; eo Ge OS SND a 
M+ = OO es + :NuS 


3. Oxidation When pyridine is oxidized with a peracid, such as peracetic acid or perbenzoic 
acid, itis converted into pyridine N-oxide. Because of two powerful, but opposed, polarization 
effects, this is a very interesting compound from the structural point of view. 


I 
pf 
ad CHS ‘oO Z 
sy! 85°C, 50-60 min > C7 + CH;COOH 
N = 
Pyridine oP 
Pyridine N-oxide 
(53%) 


4. Reduction Catalytic hydrogenation of pyridine results in formation of the completely 


reduced product piperidine. 
; = H,/Pd-C C.) 
N 


N 
H 


Pyridine Piperidine 
Piperidine is a stronger base than pyridine and is used in a number of reactions. 


5. Side chain reactivity Due to presence of electronegative nitrogen atom, the methyl 
hydrogens are somewhat acidic in 2- and 4-methylpyridines (commonly known as a and 
¥picolines, respectively) and consequently such pyridines undergo aldol-type condensation 
with aldehydes in the presence of base. The reaction of a-picoline with benzaldehyde may 
be outlined as follows: 
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| . oH :OH7H,0 
N" ‘CH 
a-Picoline 
OL cum He gy Oe OL 
CHCHPh —— CHy— cape a! 
OH H 


N* ~CH=CH—Ph 


The carbanions obtained from the picolines may also undergo alkylation. For example: 


CH, H CH,CH, 
C.H; N&:NH, S C,H; 
| NH,() e 
N 


6.3.2 Pyridine N-oxide 


6.3.2.1 Preparations 


Pyridine N-oxide can be prepared from pyridine by the following oxidative methods of 
which one is already stated. 


CH;,COOOH or PhCOOOH , ae l 
85°C <N 
* lo 
‘O 
Pyridine N-oxide (79%) 
A. ee 
Me,C< | (Dimethyldioxirane) a 
as l O > ~ | 
~ KOH (pH 8.0), 2h Z 
N eles 
Pyridine ‘0 
Pyridine N-oxide (83%) 
a 
50% HO», PhCN, MeOH al 
NaOH (pH 8), 30°C, 3h o 
sp 


Pyridine N-oxide (93%) 
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Mechanisms of the reactions 
(i) Oxidation by peracid: 


Peace acid 


=—\e8 .. 
CH,COOH + < ~N—0"<—— 
(ii) Oxidation by dimethyldioxirane: 


CH; 
= - o-CH —_— | 
< yNY+ Oey _—= n DN—-O + CHs—C—CH3 


6.3.2.2 Properties and Reactions 
Pyridine N-oxide is a colourless solid having melting point 66°C. It is soluble in water and 
in most organic solvents. 


Pyridine N-oxide can be represented as a resonance hybrid of the following resonance 
structures: 


(o) = 
>s a a 
|) <a erell << I. <I sd o< >| || <> | 
:0° 0; :0° ‘oO: O O O 
I II III IV V VI VII 


Inspection of the above structures reveals that in some canonicals (II, III and IV), there is 
a decrease in electron density at the various ring positions (positions 2, 4 and 6), while in 
other canonicals (V, VI and VII), there is an increase in electron density at these positions. 
For this reason, it can respond in opposite ways depending upon the demand of the reagent 
to which it is exposed, 1.e., it is not only reactive towards electrophilic substitution but also 
reactive towards nucleophilic substitution. 


Electrophilic substitution takes place preferably at 2- and 4-positions because it proceeds 
through the formation of a relatively stable intermediate containing a stable resonance 
structure (II) in which all atoms have complete octets. The intermediate from 3-attack 
cannot be stabilized in this way. 


H OE HUE E 
> oun =H, cy 
_ E | a) he | —H ~_! 


gN~ Glow) N N oN 
OP Ge 6, i0° 
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Nucleophilic substitution takes place preferably at 2- and 4-positions because it proceeds 
through the formation of a relatively stable intermediate containing a stable resonance 
structure (IV) in which the negative charge is neutralized by the positive nitrogen atom. 
The intermediate from 3-attack cannot be stabilized in this way. 


x e X Nu X~) Nu Nu 
YQ Nvwe © —x® ~ 

| | =< Lk Se [LS —> [oo 
oN oN. N oN 
“oP re re 02 
| Iv | - 


That the donation of electrons from oxygen into the ring is significant becomes apparent 
from the dipole moment value. The dipole moment of pyridine is 2.23D, while that of 


pyridine N-oxide is 4.30D. 
“N oN” 


(u = 2.23D) & 
(u = 4.30D) 


The value is considerably lower than the sum (6.6D) of the dipole moment of pyridine 


® 
and N—O® bond moment. It, thus, follows that the structures V, VI and VII contribute 
significantly towards the hybrid. 

Some important reactions of pyridine N-oxide are given below: 


1. Nitration Pyridine N-oxides are nitrated more easily than the parent pyridines. 
Nitration of pyridine N-oxide with mixed acid gives a high yield of 4-nitropyridine N-oxide. 
It can be converted to 4-aminopyridine by catalytic hydrogenation. 


NO, NH, 
a cone. a oy H./Pd—C oy 
oN conc. H,SO, oN N 
02 :08 4-Aminopyridine 
Pyridine N-oxide 4-Nitropyridine N-oxide 


2. Sulphonation Sulphonation of pyridine N-oxide takes place only under very drastic 
conditions and 3-pyridine N-oxide sulphonic acid is obtained. 
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=“ H,SOSO3) a 

SN HgSO,, 220-240°C SN 

© & 
Pyridine N-oxide 3-Pyridine 


N-oxidesulphonic acid 


® 
The change in orientation in sulphonation is due to the formation of a species (Py— OSOP) 
in which the electron-donating property of the oxygen atom is suppressed. 


3. Reaction with acetic anhydride When pyridine N-oxide is heated with acetic anhydride, 
2-acetoxypyridine is obtained. 


J > Eh 
oN N OCOCH, 


dp 2-Acetoxypyridine 
Pyridine N-oxide 


Mechanism of the reaction 


O O 0. 
~ I P ; aw. 000 
oN * ony <0” °ScH, oN cu °S 
re O CH, Ns ¢ 
O 


Cau —CH,COOH 


OCOCH; 


4. Reaction with phosphorus oxychloride Phosphorus oxychloride reacts with pyridine 
N-oxides to form chloropyridines. For example: 


Cl 


_ POC]; _ 
CL CL 
oT C H3 N C H 3 
0? 4-Chloro-2-picoline 


2-Picoline N-oxide 
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o~ -~OPOCI? 


‘VCH, — 


5. Reaction with phosphorus pentachloride Pyridine N-oxide reacts with PCl; to form 
2-chloropyridine predominantly. 


s PCl 
| J) — 
C3 > Coa 
/ 2-Chloropyridine 


Mechanism of the reaction: 
oe oe PCs - pero xd Ser och Co 
oN (CHCl) SN NYH —Hel N “Cl 
| 1 
eb) i 
“PCL PCl, 
Cl 


6. Conversion into parent pyridine Pyridine N-oxide can be converted into the parent 
pyridine by treating with phosphorus trichloride (PCl,) or triphenylphosphine. 


SS -PCly or PPhy S 
| = | ws 
oN 
: | S Pyridine 
0 y 


Mechanisms of the reactions 


CS +-Pa,— ( J— (9 + o=Pa, 
SN BN N 

1, b, 

“PCI; 

( S] +-PPh, —> ( s] —> { 3) + O=PPh, 
SN SNS N 

Lo | 

‘0; OCS 
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7. Ring lithiation When pyridine N-oxide is treated with n-butyllithium, ring lithiation 
occurs at the 2-position. The lithiated compound can produce the corresponding carboxylic 
acid by reacting with CO, followed by acidification 


oe n-BuLi CL 1. CO, @e 

ee ee . 1) we 

oN SN Li 2 Hs0 éN ~CO.H 
dp dp dp 
Pyridine N-oxide 


Mechanism of the reactions 


SOLVED PROBLEMS 


1. The dipole moment of pyridine is much greater than that of piperidine. 
Explain. 


Solution Pyridine can be represented as a resonance hybrid of the following five canoni- 
cals (two equivalent Kekule structures and three zwitterionic structures with the negative 
charge on electronegative nitrogen atom). 


® 
~ —- —— ~— 
(jeCIleCIeCie C3, 
N N N N N 
" ». 3 5 3 
Resonance structures of pyridine 


From the charged structures it becomes evident that the z-moment operates in the same 
direction as the o-moment and the net moment is additive. In piperidine, on the other 
hand, only the o-moment of operates. Because of this, the dipole moment of pyridine is 
substantially greater than that of piperidine. 


m-moment (due to 


a ; the —-R effect of CO) __Z.only o-moment 


~ nitrogen) +o-moment of 
N (due to the —I effect N 
Pyridine of nitrogen) H 


(4 = 1.17D) 
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2. Pyridine does not undergo the Friedel-Crafts reaction—Why? 


Solution Pyridine acts as a Lewis base and forms a complex with the Lewis acid AICl3. 
The ring of the complex becomes highly deactivated due to the positive charge on the ni- 
trogen atom, and as a consequence, it becomes unreactive towards attack by a carbocation 
(or an acylium ion), the electrophile involved in the Friedel—Crafts reaction. 


Ring deactivation 
increases 


— =—\® 0 
&_pN: + AlCls —> < /N—AICls 


Pyridine Pyridine—Aluminium 


chloride complex 


ZA RCOCVAICI, 


_ EOS 
N Le RCV/AICI, No reaction 


Pyridine 


3. Explain the following observations: 


(a) 
(b) 


(c) 
(d) 
(e) 


(f) 
(g) 


(h) 


Solution 


4-Chloro-3-nitropyridine undergoes hydrolysis readily even in warm water. 
The reactivity order of decarboxylation of isomeric pyridinecarboxylic acids 
is 2 >3 > 4, whereas the order of reactivity in case of isomeric pyridineacetic 
acids is 2 or 4 > 3. 

Pyridine is less basic than piperidine. 

Pyridine resembles nitrobenzene (a highly deactivated benzene derivative) 
towards electrophilic and nucleophilic substitution reactions. 

The dipole moment of pyridine is less than that of 4-amino-pyridine but more 
than that of 4-cyanopyridine. 

Nitration and sulphonation of pyridine require drastic conditions. 

Unlike furan and pyrrole, pyridine does not undergo polymerization in the 
presence of strong acid. 

Pyridine boils at a much higher temperature than benzene, even though they 
have comparable molecular masses. 


(a) Because of the cumulative electron-withdrawing (—R) effect of the ring nitrogen 
and the nitro group present at the ortho-position of the departing chlorine atom, 
the hydrolysis of 4-chloro-3-nitropyridine takes place readily even in warm water 
(a weak nucleophile). 
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-H® NO, 
ie: [ ~ oP : N:6°| Tee? TS 
N N) 
: ata (o} 
4-Chloro-3-nitropyridine (a stable intermediate: the 4-Hydroxy-3- 
negative charge is on electro- nitropyridine 


negative nitrogen and oxygen atoms) 


(b) Decarboxylation of a pyridinecarboxylic acid takes place through the formation of 
zwitterion (I) in which the negative charge on carbon is stabilized the —I effect of 
the positively charged nitrogen atom. For example: 


H N 
t a I I Se 


2-Pyridinecarboxylic 
acid 


Since the inductive effect becomes weaker with distance, the carbanion obtained 
from 2-acid is more stable than that obtained from 3-acid which, in turn, is more 
stable than that obtained from 4-acid. 


9 
~ Se S 
H H H 


Stability decreases 


Because ofthis, the order of reactivity towards decarboxylation of pyridinecarboxylic 
acids is: 2-acid > 3-acid > 4-acid. When 2- or 4-phenylacetic acid undergoes 
decarboxylation, the benzylic-like intermediate carbanion is stabilized by 
resonance involving a neutral canonical form. The carbanion obtained from 3-acid 
is not stabilized by such resonance involving a neutral canonical, and therefore, it 
is less stable. For this reason, the order of reactivity of the isomeric pyridineacetic 
acids towards decarboxylation is: 2- or 4-acid > 3-acid. 


hans Gehens2* [Gphat* Gta) Ge 


ot CH, 7 CH; 
. 
ie 0 om a (more stable 2-Methylpyridine 
intermediate) 


2-Pyridineacetic 
acid 


HO2C_ 9 _ a 
= CH, A = CHy CxBe re, ime. oe a CH, 
S = y e aL _ Q —_ 
= a, | ON oN VSN N 
. H H H H 
3-Pyridine- L fl 
acetic acid (less stable intermediate) 
_ CHg +H® 
_ + 
N 


(c) 


(d) 
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3-Methylpyridine 


The nitrogen atoms in pyridine and piperidine in all the occurrences are sp” and 
sp® hybridized respectively and so, the unshared pair of electrons on nitrogen 
occupies sp” (having 33.33% s character) and sp® (having 25% s character) orbitals, 
respectively. Since electrons in an s orbital are held more tightly to the nucleus 
than electrons in a p orbital, the unshared pair of electrons in hybrid orbitals 
with large s character is attracted towards nitrogen nucleus with greater force 
and is less available for coordinating with a proton. Therefore, pyridine in which 
the nonbonding pair of electrons on nitrogen occupies an orbital having more s 
character is less basic than piperidine. 


sp” orbital: sp orbital: the 
= the unshared pair H unshared pair is 
COND is less available CONS more available 
Pyridine Piperidine 
(less basic) (more basic) 


Pyridine can be represented as a resonance hybrid of the following canonicals: 


rv yy yy 


Resonance structures of pyridine 


An inspection of this structure makes it clear that the electronegative nitrogen 
atom withdraws electrons from the ring and causes z-deficiency at carbon atoms, 
i.e., makes it a z-deficient heterocycle and as a result, the ring becomes deactivated 
towards electrophilic substitution but activated towards nucleophilic substitution. 
Thus, electrophilic attack on pyridine takes place only under vigorous conditions 
whereas it undergoes nucleophilic attack rather easily. Pyridine, therefore, 
resembles a highly deactivated benzene derivative like nitrobenzene towards 
electrophilic and nucleophilic substitution reactions. 
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(e) 


(f) 


(g) 


(h) 


5 2 Deactivated ring: fovours 
nucleophilic attack but “Oy 
Or disfavours electrophilic od 


a ttack . 
Pyridine — Nitrobenzene 


4-Aminopyridine has a larger dipole moment than pyridine because in the former 
the moment due to ring nitrogen and the moment due to the —NH, group (the 
unshared pair of electrons on nitrogen remains in proper conjugation with the ring 
nitrogen) point in the same direction. On the other hand, 4-cyanopyridine has a 
lower dipole moment than pyridine, because in the former the moment due to the 
—CN group and the moment due to the ring nitrogen point in opposite directions 
and thereby cancels each other partially. 


NH, ' CN 

J; Gt a; 
4-Aminopyridine Pyridine 4-Cyanopyridine 

(u = 4.40 D) (u = 2.26 D) (u = 1.60 D) 


The electronegative nitrogen atom withdraws electrons from the ring carbons of 
pyridines (by —R effect from 2-, 4- and 6 positions and by —I effect from all five 
positions). As a result, the ring becomes deactivated towards electrophilic attack. 
Again, nitration and sulphonation reactions are carried out in strong acidic 
medium, and in such a medium, protonation of the nitrogen atom occurs to form 
a pyridinium ion. Formation of pyridinium ion causes the ring carbons to be more 
positive, i.e., causes a further deactivation. Because of this, pyridine is difficult to 
nitration and sulphonation and these reactions require drastic conditions to take 
place. 

Unlike z-excessive furan and pyrrole, pyridine with a deactivated ring does not 
undergo protonation at the ring carbons and because of this, it does not undergo 
polymerization in the presence of strong acid. 

Since pyridine is a polar molecule, therefore, there operates stronger dipole-dipole 
attraction among the molecules of pyridine. Benzene, on the other hand, is a 
nonpolar (u = OD) molecule and there operates weaker van der Waals attractive 
forces among the molecules of benzene. It is for this reason the boiling point of 
pyridine is much higher (115°C) than that of benzene (80°C) even though their 
molecular masses are comparable (79 and 78). 
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4, Arrange the following compounds in order of increasing basicity and 
explain the order: 


NH, CH, CN 
“a a oo <a 
—~ | 2 ws 2 —~ | > — | 
N N N N 
I Il Il IV 


Solution The increasing order of basicity of the given compounds is: IV < IT < III < I. Since 
the amino (—NH.,) group is more electron-releasing (by +R effect) than the methyl group 
(by +I and hyperconjugation) the electron density on ring nitrogen is much higher in I 
than in III and so, I is more basic than III. III is more basic than II because it contains 
no ring substituent. The electron-withdrawing —CN group withdraws electrons from the 
ring nitrogen by —R effect. As a result, the electron density on nitrogen in compound IV is 
considerably reduced, and so, it is less basic than II. 

5. Explain the following order of reactivity towards _ electrophilic 

substitution: 


NMraed 


H 
Pyrrole Pyridine Pyrimidine 


Solution Pyrrole and pyridine can be represented as a resonance hybrid of the following 
resonance structures: 


i Hi Hi i i 


Resonance structures of pyrrole 


ome os oe (ie oh 


Resonance se soaaie: of sora 


The unshared pair of electrons on nitrogen in z-excessive pyrrole molecule makes the 
ring carbon negatively polarized by donating electrons towards the ring for maintaining 
the aromatic sextet. The ring is thus activated towards electrophilic substitution. On the 
other hand, the ring nitrogen in pyridine makes the ring carbons positively polarized by 
withdrawing electrons. The ring is, thus, deactivated towards electrophilic substitution. A 
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second nitrogen atom in pyrimidine makes the ring relatively more deactivated due to the 
same basic reason (positive polarization of the carbon atoms becomes double). 


— () () () a 


Resonance structures of pyrimidine 


Therefore, the order of reactivity of these three compounds towards electrophilic 
substitution is as follows: pyrrole > pyridine > pyrimidine. 
6. Predict the products expected to be formed when pyridine-2-carboxylic 
acid is heated in the presence and in absence of PhCHO and explain. 


Solution When pyridine-2-carboxylic acid is heated, it undergoes decarboxylation to give 
pyridine through the formation of a zwitterionic intermediate as follows: 


[ “=~ (Fe [ je 283 ( > 
(hyo CL Coe a ED 
H 


C7 
ee | ll oe 
ca O H O Pyridine 
he (the negative charge 
Pyridine-2- is stabilized by the 
carboxylic acid adjacent positive charge) 


When the decarboxylation reaction is carried out in the presence of acetone, the zwitterionic 
intermediate reacts with acetone to yield the secondary alcohol I as follows: 


O 
IP 
oN eNs CHPh N ~CHPh 
H et * bn 
ce 


7. Account for the following observations: 

(a) 2,6-Di-tert-butylpyridine is a specific proton scavenger. 

(b) Sulphonation of 2,6-di-tert-butylpyridine can be easily effected with 
SO, at -10°C, whereas pyridine cannot be sulphonated under such 
conditions. 

(c) Syl reactivity of the following compounds decreases in the order: 
IV >WI>I0>I. 


CHC1Me 
CHClMe 
a ae ao or 
N ~CHC1Me N CHClMe 


S 
I II Ill IV 
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(d) When the following compound is heated, two isomeric compounds 
(molecular formula C,j,H,N2) are obtained: 


coo® 
\ N=N 
EZ 


(e) When N-methylpyridinium iodide is heated at 300°C, it undergoes a 
rearrangement to yield 2- and 4-methylpyridine. 
Solution 
(a) Because of steric reason 2,6-di-tert-butylpyridine does not act as a nucleophile. 
However, it can take up a small proton. So, it is a specific proton scavenger. 


CMe; CMes) CMe) 
<Q N: _H® + <OC'ON-H_ 3 <O NRK 2s No reaction 


CMe; CMes) 


(b) Sulphur trioxide reacts with pyridine to form an adduct in which the ring becomes 
further deactivated towards elctrophilic substitution. Because of this, pyridine 
does not undergo sulphonation when treated with SO, at —10°C. Because of steric 
hindrance caused by the two bulky tert-butyl groups adjacent to ring nitrogen, 
adduct formation does not take place in the case of 2,6-di-tert-butylpyridine. 
As a consequence, unlike pyridine ring deactivation does not take place and so, 
sulphonation takes place rather easily. 


O O 
PSO e ¢ © SO; ee 
CO N:+"5=0 —> <ON x Oe Ne substitution 
O reaction 


Pyridine 


CMe )- 
® S) 

< O N2—S0§ (unstable due 
CMe; cma to steric strain) 
-10°C 
<Q N: + S0;——— 

CMe3 HO,S CMe, 

© N: 
CMe; 
2,6-Di-tert-butylpyridine-3- 

sulphonic acid 


2,6-Ditert-butylpyridine 
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(c) It is the stability of the carbocation intermediate on which the Syl reactivity of a 


compound depends. Let us take the carbocation (PhCHMe) obtained from III as 
the standard for comparison. The carbocation obtained from IV is more stable than 
that obtained from III because the positive charge is relatively more stabilized by 
resonance (the hybrid contains a very stable resonance structure in which all the 
atoms have their octet filled up). 


ER <-> as <> etc. 
CHMe ~: CHMe 


L (especially 4 
stable) 
(the intermediate carbocation obtained from IV) 


The carbocation obtained from I and II are less stable than that obtained from 
III because the electron-attracting N atom makes the ring positive, deterring the 
introduction of +ve charge. Of the two isomeric carbocations obtained from I and 
II, the one obtained from I is less stable because it has a high-energy (less stable) 
resonance structure with the +ve charge on N holding only six electrons. The 
carbocation obtained from II has no resonance structure with an electron-deficient 
(sextet) N atom. 


Ce ee ee We ae oe 
NC@CHMe <7 ~\~SCHMe oe 


(especially unstable) 


(the carbocation obtained from I) 


CHMe CHMe CHMe CHMe 
N N N 


N 


(the carbocation obtained from II) 


Therefore, the decreasing order of stability of the intermediate carbocations is as 
follows: from IV > from III > from II > from I. Hence, the decreasing order of Sy1 
reactivity of the given chloro compounds is 


CHCIMe 


—~_-CHC1Me Z 
. or 2 s) > ci > ace 


IV Il II I 
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(d) When pyridinediazonium carbonate is heated, it undergoes decomposition 
to produce 3,4-pyridyne which subsequently dimerizes to yield two isomeric 
compounds. 


O 
| 


C0 
a= l SOP <y) Pimerzation, Dimerization =a S=S) 
NW ANEN: oe, Be” NN] ENS ce ‘NS 


3,4-Pyridyne ‘ 


Two isomers ur 10H,gN2) 


(e) When N-methylpyridinium iodide is heated, it undergoes Ladenburg rearrangement 
to yield 2- and 4-methylpyridine as follows: 


CH; 
| ye) 
CH; ity ae 2-Methylpyridine 
H CH3 
CS se te — CS rint 
®N 
CH: ‘7° ale ‘T° ies iad 
8. Predict the product and suggest a mechanism for each of the following 
reactions: 
(a) 1. OH? (b) 10H? 
bh ouson, 2. CH,;COCI Oe. 2. PhCHO 
CH,CH, Br© 
KNH,/NH() CH3 1. NaNH,/NH,(J) 
a, 
Co. (d) Le 2: CH3Br 
Br 
a NaNH, “a CH,(CO2Et), 
——> ——____» 
(e) ne A (f) a. NaOEt/EtOH 
(g) _Me,SOJOH® | 


Oo 7 ECE Nyether™ 


ete ae eee ioe 
Solution 
(a) Base abstracts one methylene hydrogen (which is considerably acidic) of the ethyl 
group attached to C-2. The resonance-stabilized carbanion then reacts with acetyl 
chloride to form the salt I. 


a 
io (S} 
:OH 
Bie. ee = 
CHCH3; Spaces? Lecce] Gh encnscoc 
io) 
Br? CH,CH, L CHCH, CH,CH, CH,CH, Cl 


I 
(b) Since the conjugate base of a-picoline is stabilized by resonance, the methyl 
hydrogens are somewhat acidic, and consequently, it undergoes aldol type 
condensation with benzaldehyde in the presence of base. 


O 
IP 
{gan Bypken® Goh tig = 


OH ae sea ae :0° 


> i. 
| | <———— | 
Oreos —CHPh N° ~CH;-CHPh 
H 


N~ ~CH=CHPh 


(c) The compound undergoes ring-opening reaction in the presence of strong base 
NH to form a dinitrile. 


K°NHS = an +H® 
Jd ate, alg Bo Nac G SS 
HN ; oye N ~B M CN CN 


H Pent-2- 
enedinitrile 


Ch os ‘OH? 
N5 CHSCHPh E1cB 
{S) 


Pe nee 


(d) The hydrogens of the C-2 methyl] group is relatively more acidic than the hydrogens 
of the C-3 methyl group because the conjugate base is more stabilized by resonance 
involving a canonical form in which the electronegative N atom can accommodate 
the negative charge. For this reason, the C-2 methyl group undergoes methylation 


by CH;Br in the presence of strong base NH§. 
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ye, (BS oo Coe a8 


2,3-Dimethylpyridine 


2-Ethyl-3-methylpyridine 
(e) Since the bromine atom is situated at C-4, this pyridine derivative undergoes 
nucleophilic aromatic substitution to give 4-amino-2-methoxypyridine. 


Br [Br NH, Br NH, Br,NH, | NH, 
re sy 
~@ ‘NH? ic} © _Br® = 
oe (slow) > | | an aa OL 
OCHs3 N 


N rs OCH. N° ~OCH; “N~ ~OCH; 
3 J 


OCH; 


(f) Because of stabilization of the carbanionic centre at pyridine oa-position, 
2-vinylpyridine undergoes Michael type addition to give the corresponding product. 


P0Et® 2 
(Et0,0),CH-H STE, (nt0,0),CHNE 


(S) 
< NBC HOB P Ch 
ered NS CH—CH,CH(CO,Et), 
() 
zy ( 
EtO—H 
N* ~CH,CH,CH(CO;Et), 0" — “N*\CGH—CH,CH(CO,Et), 


(g) 2-Pyridone undergoes N-methylation to yield N-methyl-2-pyridone when treated 
with Me,SO,/OH® or CH,N./ether. The mechanisms of these reactions may be 
outlined as follows: 

0 


P 
Hs“O*4—0CHs 


eee - a | 
Lael o No | -CH;0SO$ e) 


= Soft-soft nn: 
: oft-so 
e-nyErgne interaction N-Methyl-2- 
NY pyridone 
S 6H,—Ny [oS ~~ | cu, S 
Q 4N2 3 2 
| N tdiae 7 ee —e ee — (CN) ” eon 
O methane) O: 3 O | O 
= 2 CHs 
Pyridone N-Methyl-2- 


pyridone 
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9. Suggest reasonable mechanisms for the following transformations: 


a CN 
S 2 NaNH, / \ 
(a) Le. NED” ES 
H 
(b) Seog NO: 1. NH,OMe, ZnCl, een 
“/-BuOK, DMSO 
MeO N7 2 at ee MeO Ae NH, 
eG = & 
N O se al ol 
NMe, 
ot se (C.U. 2014) 


N7 2. MegNCHO/140-160°C NZ 


(e) a ss nv_\-Y_Sn 


Solution 
> 6 Br NEO? Gea Br 
H—NH2 CG 
. < "a / ‘Zi —Br® 
OF 0° 
2 or 


ic] Mo N~ 
O -OMe® O 
(b) Ge ae J. ogc A 
MeO NE (NH,OMe + ¢-BuOK) MeO N NH. Me MeO - NH 
“30 H ~ 
t-BuOQi_A ii ® 


2-Pyridone 
Ss _H® 
(sige -Cl,PO$ 


2-Chloropyridine 
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Cl O a. 
d ey A oh, Ne Oy TQ 
(d) o=s FNS =T> Xs WO 
Cl 
i Q 
ours >) > Ser Ng RZD 
6 oi) H 
cr G 
| 
MOG MeHg Nie 
2 /= _C;H;N 
IN a ne =CO_, Cy 
NMe, SN: | —-HCl SN: | 


CHO 


(e) Sodium brings about ‘oxidative dimerization’ to yield 4,4’-bipyridine. 


: l A _ = 
Le THF? he, Gie <> |NaN_ xX _NNa| SH NY Pp -K\_ JN 


y ng 3 L a 


10. Account for the following observations: 

(a) Methyl hydrogens of 2- and 4-picolines are more acidic than the 
methyl hydrogens of 3-picoline. [C.U. 2014] 

(b) 2-and 4-Chloropyridines undergo nucleophilic aromatic substitution 
when treated with NaOEt, whereas 3-chloropyridine does not. 

(c) 2-Pyridone reacts with benzyl chloride in the presence of base to yield 
N-benzy1-2-pyridone as the major product. However, when 6-methy]l- 
2-pyridone is allowed to react with benzyl] chloride in the presence of 
a base, 2 benzyloxypyridine is obtained as the major product. 

(d) Electrophilic substitution in 4-phenylpyridine occurs in the benzene 
ring. 


Solution 


(a) The conjugate bases of 2- and 4-picolines are relatively more resonance stabilized 
than the conjugate base of 3-picoline because in one of their resonance structures 
the negative charge is placed on the electronegative N atom. For this reason, the 
methyl hydrogens of 2- and 4-picolines are more acidic than the methyl hydrogens 
of 3-picoline. 
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2-Picoline (especially stable) 
Conjugate base of 2-picoline 


6 - 
> H—$§ CH, CH, CH, He 
_ ERs) ~~ Q 9 
| + B= ||| <> || 2a (ca ON BH 
Le (o) 4 
4-Picoline (especially stable) 


Conjugate base of 4-picoline 


9 
CHS. =p x_CH, _& cH CH CHy 
= EM) == 2 — 2 —— 2 

| + =— || <> | <> al =e BH 
3-Picoline - Conjugate base of 3-picoline : 


(contains no especially stable structure and 
so less stable than the other two) 


(b) The anionic intermediate involved in nucleophilic aromatic displacement of 2- 
and 4-chloropyridines are relatively more stable than that involved in the case of 
3-chloropyridine because in one of their resonance structures the negative charge 
is placed on the electronegative N atom. Nucleophilic attack at C-3 places the 
negative charge only on less electronegative carbons. For this reason, when treated 
with sodium ethoxide, 2- and 4-chloropyridines undergo nucleophilic aromatic 
substitution to give the corresponding ethoxypyridine, whereas 3-chloropyridine 
does not. 


~ :OEt® <_ Beas mR | ae 24 
| | = >|. LOEt<>[. “LOEt<> POEt] > © | 
NHC! (ye er Ge GS yhone 


2-Chloropyridine (especially 2-Ethoxypyridine 


stable) 
Intermediate (more stable) 


Cle. (201 Cl a il ees OEt 
Ss SOEt a a -Cl a 
| oe | <> <> Ie 
"7 yy) Ft <font <> G fort ca 


iS) 


3-Chloropyridine Intermediate (less stable) 3-Ethoxypyridine 


(c) The conjugate base of 2-pyridone is, in fact, an ambident nucleophile. It 
may react with benzyl chloride (PhCH,Cl) to give the O-alkylation product 
2-benzyloxypyridine (II) as well as the N-alkylation product N-benzyl-2-pyridone 
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(I). Since it is an Sy2 reaction, nucleophilic attack on PhCH,Cl occurs preferably 
through the less electronegative and more polarizable, i.e., more nucleophilic N 
atom to yield N-benzyl-2-pyridone as the major product. 


~ PrcHy 
H 


: CH.2Ph 
2-Pyridone Conjugate base I I 
(major) (minor) 


In the ambident anion obtained from 6-methyl-2-pyridone, the CH.-group at C-6 
sterically hinders the approach of the soft centre (i.e., N) of the anion towards 
PhCH,Cl and for this reason, O-alkylation takes place preferentially to give 
2-benzyloxy-6-methylpyridine as the major product. 


5 CH, 
~ S Pe ~~ CCl = 
| i la. +> | 
Aah cLPho Ae coups 


| H3C 8) H3C 
Conjugate base of 6-methy]l- 2- ewan: 
2-pyridone methylpyridine 
Cc 
Ll ol Sok 
H3C . O (not obtained) 
CH,Ph 


(d) Due to electron withdrawal by ring nitrogen, the pyridine ring is deactivated 
towards electrophilic aromatic substitution. For this reason, the electrophilic 
substitution preferably takes place at the benzene ring. 


More deactivated ~_ Less deactivated 
ring NOY XO) yO ring 


4-Phenylpyridine 


11. Give an arrow-formalism mechanism for each of the following reactions: 


Ph 
Z~Br 1 orig) Z Ph 
es) —_s 
) ae >, Phy Ph > yy Ph 


wk Sn Ph 
go 7 BE i “1. 2Lidg) . ad. 
© Gk HY GI GIS 


3. * 


Heterocyclic Compounds 6.119 
e 


N 


Br 
Cl N 
© Cyt Cy ata, CT. 
N N ?(\/ N N 
i 


Br 121i 
(d) ae ees ane * S 


Solution 


Br oli(tg 2s tic 
(a) (-LiBr) =! 
N CCl 


N Diels—Alder a 
2,3-Pyridyne 
Ph 


Ph 
ees : Ph 
Cetra. “si 
N Ph 


Ph 


(b) ” 
2~ Br oLi(fg) Sys ud, 
| —_.> Cee 
a (-LiBr) Cee aes 


N Cl 
ee 
Identical 
i OH | H 
a —H® a aa _H® a 
Ce = GI: GO Ce 
yon OH IN 
XS ) 
Ws 
a. : 
SCI sie YrCl _cie S 
ou —> 
N N N 


3,4-Pyridyne 
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Br r 
SOF NH? CO _pre SS 
® [ \ 
ax N 
SN 2 H® 
a, 


6 
: 
. 


y 

Q 
‘ott. 

N 
2Li alae 
(d ) Gg “ae (—LiBr) 


With thiophine, 2,3-pyridyne undergoes a (3 + 2) cycloaddition involving the sulphur 
atom and the f-carbon of thiophene. The intermediate adduct loses acetylene to produce 
pyridothiophene. 

12. How would you carry out the following transformations? 


Cl 
NO, CN 
(b) & ]}— € J or £1 [C.U. 2010, 2011] 
N N N 
() (& }—~ © 1 
) eer 
NH, 
Br 
@ Ci a 
N ~OEt N°” ~OEt 
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© ©] CL 
N° “CH N° ~CH,COOH 
Br 
@ © J —C 1 
OMe 
a) € J CI 
NO NO 
(i a ee Je 
MeO~ “N MeO~ “N~ ~NH, 
Solution 
S PCl; S 
(a) | ee 
N O N ~Cl 
NO, 
PPh 7S 
_ eo 
NO, CN 
A PhCO;H . =& HNO, Ss _ 1. H)/Pd—C a 
(b) {i} — |. OU oe SOO) ee UiELsSsd'! 
N SN H,S0, oN 2 NeNOVECLS C N 
‘OF ‘OF 
Sy PhcO.H SS _ Buli S 1. CO, - 
| ——— > Il _L Bul” — Saoe fe Wie 
(c) Ne oN ( BuH) a. 2 H3;0 ON COOH 
- by re rea 
=< PhP 
I wes (_Ph,PO) 
N ~COOH 
NH, 


~S- Br NaNH, ol 
(d) Ul © ee (ll 
Cem NH;(/) N OEt 
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es T° 1. NaNH,/NH,(1) CL NaNO,, HCl ae 
N 2.H,O0 N NH, 5°C N NOI 
CuCN 
wr 1. CH; MgI ps 
N C—CHs 2. H,0® N CN 
O 


= BuLi = co S H,0° = 
(f° ll. SS ll ole ==> ae Il < 
en Orta Le crests l emeooe 


Br Br 
Eee B PC\, or PPh 
@ CIs CI oy Poor Pes 
N ON ON N 
o dp 
NO» OMe OMe 

aa PhCO3H a conc. HNO; | = NaOMe a PPh, a 

(h) ah || ———> a | cone. H,SO,” hp | — :, | ees 7 l 

N SN~ cone hoe ON MeOH “ ‘$y N 
@ “a NO2  NH,OMe, ZnCl, fer 
MeO~ “N t-BuOK, DMsO - MeOQ~ “N~ ~NH, 


13. Provide a reasonable mechanism for each of the following reactions: 


@ (3) S&S Cy +ArcHo + x® 
N 


= x° 
O—CH,Ar 
CH; CH; 
~ 36 a 
(b) ec ~ 
HC H H,C~ “\y~ ~CH 
Me Me 
@ [2 es CL Ode [C.U. 2012] 
dN ~CHs N 
oe 
CO,Me 
CO.Me 
a DMAD ——_—a 2 
oe U. 
(d) SW Et,0:nt SN | CO,Me [C.U. 2011] 
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Solution 
:OH® 
@ C3 (“> (Se —( 3+arcuo + x° 
6éN CH * ON. N 
| x H 
OCH, Ar OLY 
CH—Ar 
CH; CH; CHs 
= Clo® NH, NH — +H® 
(b) = * HCIO as tap 
H3C Q CHs 4 H3C O CHs H;3C O NH,CHs 
CH; CH; 
Sg HOY 
H3C~ “N™ ~CH3 H;C~ fN ~CHsg 
H 
M Dm Pp M M M 
SS e > e > e S e 
re C | | | 
(c) hon, cHy/ “0” cH, > Ont “CH, H-—\> NOCH, > (hou, 
“0? OCOCH, CH,COO® Co H3C\ 0 
l lI 
CH, 
S) 
0) 
OQ OMe O\ 
| C—OMe go 
a C 20.0 0L0N.C% 
mn ep SNE ee Nome 
¢ CO.Me | 
CO;Me 
DMAD ee 
CO,Me 1 CO2Me Meo~ "Sc 
Sc—CO Me 
Z~Z~COMe i sitshin =~ PR CO2Me Ci if 2 
= N CO,Me S N @) CO.Me _ N\o20~co,Me 
H CO.Me CO.Me | 


CO.Me 


14. In the following, the equilibrium lies to the left—Explain. 


o-oo 
N N* 
ee OH 


Fe as aeuee tens eeu sis cattinnsalase eae a teas eshanetaidenpaernnaie ts Cgane shenisny. eMac enn eden 
Solution 2-Hydroxypyridine prefers to exist as the amide because that has the advantage 
of a strong C=O bond and is still aromatic. There are two electrons in each of the C=C 
bonds and two also on the trigonal N atom of the amide. If becomes clear from the delocal- 
ization of the lone pair of typical amide style. 


> Ss 

| wy a lel 6 
N 

H H " 


Aromatic 2-pyridone 


15. Provide an arrow pushing mechanism for each of the following reactions: 


1.Ac,0_, 
(a) o 2. Hy 2. H.0°” 


(b) — iL ae 
N € DON “4 
z le @ 3. H,O 


(c) bee © CNR 
N 


| 32 
R 
Ac,O 
@ Cel > Ci 
N CHs CH,OCOCH3 
ig 
Ph—N=C=O a 
e) (.) ——> (1 
N CD ae 
‘OP 
NO, Cl 
© GL = GL 
N ~*CHs; N ‘CH; 
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Solution 
(a) 
HO: Ch (GH —CH,COOH ioe 
| N *O—C—CH; OCOCHs3 N ‘OCOCH3; 
OCOCH; 


O—-C—CH; 


Hd 
®OH, Oo.) es 
H H,0: 


ZA OH Za OH ~ ~ 
N 3 N N’ ‘OH N O 


/ ow cre | = 
8: O\ 4 Ph OG Ph 
| | 
[eat 


<‘hydrolysis) 


aN 
re cr 
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(c) Cyclopentadienyl anion reacts with the pyridinium salt to give mainly 
1,4-dihydropyridine, which readily undergo dehydrogenation to an aromatic 
zwitterionic species. 


te | sy 
R R R 
cop 
= SS 
d |e ML 
2 Le ins ~CX0O*C~ oH Ces Ha 


le : : *| ~~” CH;COO® 
| 
O 
S cuscol S\ ~ 
Gol —H® | | 


@ | 2 
N’™cH,OCOCH, _b,, NCH, , GH, + CH,COOH 
i aes 
0) 
is 
— ~s 
(e) | NZ Gey i 1,3- _ ee ipolr g ‘ie O05. el 


addition. aa aHe a NHPh 


| 
0° al Noe 


Cl 
bs = QI. 
He? [ce | 
Me — N~~Me 


(f) 
2 
16. Draw the structure of the product: 
CH; 
@) OEt 5. HNo, (b) a 1. Bry/H,SO/oleum 
- a > 
SN: H,SO,; 100°C SN: 2. hot KMnO, 
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Z Me,N(CH,),NHK® 
(ce) || > 
N: 


a NH,NH, 


O SC = NG-Pr)» 


(g) a 1.LDA 
& SN: | 2. PhCOPh 


3.H,0 /A 


Solution 
OEt 
(a) (| 
eno, 


(c) (| 
Ke NH(CH,),.NMe, 


(e—) (| 
Oa ees, 


(g) [fy ‘Ph 


NO, 
(d) a H,0/60°C 
SN: 
1 


C 
ZA 1. NaOMe 
og a 
3.A 
ZA AcNHCH(CO,Et) 
(h) 4 Base — 
COOH 
Br 
>I 
( SN 
O 
(d) fj | 
N- 
H 
OMe 
ae 
| 
(f) SN 


Dei 
o) Le 


17. Provide structures of the products obtained when pyridine is reduced 
with (a) Na/EtOH or H,/Ni, (b) Na/NH,()) and EtOH (Birch reduction), (c) 


LiAIH./ether, and (iv) HI/300°C. 


Solution 


(a) oe (Piperidine) 
H 


(c) G (1,2-Dihydropyridine) 


H 
(ring-opening reduction) 


b) [| .. || (1,4-Dihydropyridine) 
(b) G@ inydropyridi 
H 
(d) Pentane (CH,CH,CH,CH,CH3) + NH; 
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18. How can you synthesize 2,4,6-trimethylpyridine using suitable starting 
materials. [C.U. 2013, 2015] 


Solution See article no. 6.3.1.1 (Hantzsch synthesis). 


1. Offer explanation for the following observations: 

(a) Bromine atom in 3-bromopyridine but not in bromobenzene can be replaced 
by sodium methoxide in methanol. 

(b) 4-Chloro-3-nitropyridine hydrolyzes readily even in warm water. 

(c) Nitration for pyridine N-oxide occurs at 4-position while sulphonation at 
3-position though both are carried out in the presence of H,SO,. 

(d) Pyridine is miscible with water but pyrrole is only slightly soluble. 

(e) Pyridine is less basic than imidazole. 

(f) Quinuclidine is more basic than pyridine. 

(g) 2,6-Dimethylpyridine is less reactive than pyridine towards BMes. 

2. Discuss the behaviour of the three picolines in aqueous NaOH containing D,O. 
[C.U. 2014] 

[Hint: See solved Problem 10(a). Methyl hydrogens of 2- and 4- picolines will be 

substituted by D.] 

3. Predict the relative reactivities of bromobenzene, 2-bromopyridine, 3-bromopyridine 
towards replacement of the halide with ethoxide ion on treatment with sodium 
ethoxide. 

4, What factors make it very difficult to bring about electrophilic substitution of 
pyridine than benzene? 

5. In pyridine N-oxides, both electrophilic and nucleophilic substitutions of halide 
from C-4 take place rapidly than in pyridine. Explain. 

6. Predict the product expected to be formed when a 1:1 mixture of 2- and 
3-methylpyridines is treated with LDA (0.5 equiv.) followed by Mel (0.5 equiv.) 

7. 2-Aminopyridine can be nitrated or sulphonated under much milder conditions 
than pyridine itself and substitution occurs chiefly at the 5-position. Account for 
these observations. 

8. Suggest a mechanism for each of the following reactions: 


@ (OO " a, > 1 
O CH; 
OH 


—— KCN; ethanol a | 
b) 2 | > | a 
© 2D ag eas GI br 
| 
O 
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10. 


11. 


OH pa, 2X\-NH—C—CcH; 
(c) vane er 


Ph 


PhCHO, ROO aD. “a 
oni reflux SN: 


CH, 
a 
Ac,O Me 
m2 a 00%? en 
0 
oP 


1 oO == CL 
2. PhC= CAg; N*“™ C=C—Ph 


hexane, heat 


(d) | 


When a7 N-oxide is heated with a mixture of conc. HNO, and conc. H,SO,, a 
product C;H,N,O3 is obtained. When this compound is treated with PCl, and then 
H,/Pd-C, C;H,N,O3 and C;H,N, are respectively obtained. Identify these three 
products. 
Nitration of 2- and 4-aminopyridines can be achieved easily, even though nitration 
of aniline is not generally possible. Explain. 
How would you carry out the following transformations? 
OMe 
»@Q— OL 
O 
fy 
be 


er aa 
a —>f | 
elena eens 


N 


(c) a Cd UNno, 
(d) bho —+ Uae ee 


NO», NO, 
(e) LP ——? [ 5 
MeO MeO~ ~N” ~NH2 
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Br 
© CI—Cy 
N N 
12. Provide structures for the compounds I-VI. The compound VI is an alkaloid, the 
leavorotatory form of which is present in tobacco. Write its name. 


@e COOH SOCl, EtO(CH,)3CdCl NH; HBr CHI 
N >I > II i, ad III > [IV]—>~V Aleslauon \ 


13. Outline a synthesis for each of the following pyridine derivatives from the indicated 
starting material and any other reagents. 
(a) 3-Methyl-4-nitropyridine from 3-methylpyridine 
(b) 4-Methyl-3-nitropyridine from 4-methylpyridine 
(c) 2-Pyridineacetic acid from 2-methylpyridine 
(d) 3-Aminopyridine from 3-methylpyridine 
14. Predict the major product in each of the following reactions. Give your reasoning. 
2~- Me 1. Bulli (1 equiv.) 


(a) SW Me 2: CHal A(CaHuiN) 
Br 
Me 
b) © 1 NS B (CsH;BrN,) 
N 


15. The following amine is isolated as a by-product in the Chichibabin reaction of 
pyridine and NaNH.. Provide a reasonable mechanism for its formation. 


16. Outline a synthesis for each of the following compounds from the indicated starting 
material and any other necessary reagents: 


(a) @e from @e 

N’ > CH(CH,CH,CH,)COOH NO SCH, 
(b) < | from a | 

en i 


N 
. 
~NH-C—NH~ —~NH, 
© CY “23 tom CY 
N N N 
SC.H; 


(a) Ss from (© J) 
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17. Identify compounds I-IV in the following reaction sequence: 


z~ CH3 
cr KMn0, 1. SOCl, Bro, NaOH Glycerol 
= a ?lonn, 7H > IN Fad, Ase LY 


18. The synthesis of DMAP (a useful acylation catalyst) is carried out by initial attack 
of thionyl chloride on pyridine. Suggest a mechanism for each step of the following 
reaction sequence: 


NMe, 
SOCh . _Me;NCHO(MF) Z 
SOC, CNX N — pee > WL! 
(-CO; -HCl) N 
DMAP 


19. Explain with examples the close similarity of (a) pyridine with nitrobenzene, 
(b) a-picoline with o-nitrotoluene, (c) pyrrole with phenol, (d) furfural with 
benzaldehyde and (e) thiophene with benzene. 


6.4 BENZO-FUSED FIVE- AND SIX-MEMBERED HETEROCYCLIC COMPOUNDS WITH ONE 
HETEROATOM 


6.4.1 Indole and Its Derivatives 


The indole (I) ring comprises a benzene ring fused to the 2- and 3-positions. The atoms are 
numbered as shown commencing from the nitrogen atom and going anti-clockwise around 
the two condensed rings. Positions 2- and 3- are also sometimes designated as a and B 
respectively. 


Indole was first prepared by Baeyer in 1866 by zinc dust distillation of oxindole. Indole 
and its derivatives occupy a special place in chemistry because of their wide occurrence in 
many natural products. When the naturally occurring dye indigo is chemically degraded, 
indole is obtained finally. It is also found in coal tar, in essential oils like jasmine oil and 
orange oil, in the amino acid tryptophan and in alkaloids like brucine and psilecene. 


6.4.1.1 Synthetic Methods 


1. The Fischer Indole Synthesis This is one of the best-known methods for preparing 
indoles in which the phenylhydrazone of an aldehyde or ketone is treated with Lewis 


ace alhseets acne see calcein Oma ee ye Modo ead 

acid catalyst like BF, or ZnCl, or a proton acid catalyst like H,SO, or polyphosphoric acid 
(PPA, a syrupy mixture of P,O; and H3PO,). The aldehyde or ketone may also be treated 
directly with phenylhydrazine in the presence of acid catalyst. When the phenylhydrazone 
of acetophenone (PhCOCHs), for example, is treated with PPA, 2-Phenylindole is obtained. 


Ck 

| 

hg Np LS aoe 6 S Ni Ph 
H 


] 100°C 
CH, 


Phenylhydrazone of 
acetophenone 


2-Phenylindole (73%) 


Mechanism of the reaction The reaction occurs by the following mechanism which involves 
a [3,3] sigmatropic (o-Claisen type) rearrangement of the protonated tautomer of the 
hydrazone with subsequent loss of a molecule of ammonia. 


Hy ae ZB oe Py UP . HyCx . Ht 
Oe 7 ok =o 
Nv H 


H 
CH Ph CH Ph CH Ph 
a. | vies Re I 2H o l 
NH, °NH, NH, °NH, NH ®NH, 
laa H 
Ger = Cape eh Se se 2.00 
d N @ SNO*Ph N° SPh 


The reaction cannot be used to prepare indole itself by using acetaldehyde. However, indole 
can be prepared by using the phenylhydrazone of pyruvic acid followed by decarboxylation 
of the resulting indole-2-carboxylic acid. 


H3;C_ C _-COOH 
| PPA Cr 250°C Crd 
Cue. A N | (—C0,)° N | 
CO.H 
H H H 
Phenylhydrazone Indole 


of pyruvic acid 
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Evidence for the mechanism The mechanism of reaction has been proved by a labelling 
experiment. When the reaction is carried out with '°N-labelled hydrazones, it is found that 
the nitrogen atom farther from the ring is eliminated as ammonia. 


1 
R} ® 
CL. oe Ola + Su 
NS N ~R 
H H 


2. The Madelung Synthesis This method involves cyclodehydration of a 2-acylaminotoluene 
in the presence of a strong base such as potassium t-tuboxide, sodamide, etc. For example: 


O 
cr | 1. t-BuOK/A Cur 
nH © CHs 2. H® N CH, 


2-Acetylaminotoluene 2-Methylindole 


Indole itself can be prepared by using o-formamidotoluene. 


Mechanism of the reaction 


GH, H<—~ t-Bu 


2 O° CH) 
O _tBuOK hy OMe CH; 


| O° 
oN—C—CH hs 
Hs Yo p= 
t-BuO: 
H 


3. The Reissert Synthesis This is a convenient method for the synthesis of indole and its 
derivatives. It involves a base-catalyzed condensation of o-nitrotoluene or a substituted 
derivative with diethyl oxalate in the pressure of potassium or sodium ethoxide in dry 
ether solvent. The resulting o-nitrophenylpyruvate undergoes reductive cyclization to 
yield an indole derivative when treated with Zn/AcOH or H./Pt followed by AcOH. For 


example: 
Ci CH a eid 1. KOEt/ether . @use 
2. Zn/AcOH or H./Pt 
NO; CO2Et followed by AcOH 7 CO2Et 
o-Nitrotoluene Diethyl! oxalate Ethyl 2-indolecar- 


boxylate (65%) 


Fee conta tes Bd cg cpt eke ea gc a sasas vessteaeest add sree etna teats Organic sheisiy, e Mage enniede 
Mechanism of the reaction Base abstracts a benzylic hydrogen (acidic enough due to 
presence of the —NO, group) to form a resonance-stabilized carbanion. The anion attacks 
a carbonyl group of diethyl oxalate, displacing ethanol. Like the Claisen condensation 
this reaction is driven to completion by ionization of the product. The nitro-group is then 
reduced to an amino group, which subsequently reacts with the neighbouring ketone to 
yield the aromatic indole. 


CHS-H ).0 CCH, Bi] apPonn, CORE 
Reo SICK ee OG.) cre 

N 

| 


a a ate Et 
O 0° 
OE? 
Cou 0 7 o | 
Ci H® ean sa Zn/AcOH em 
NH» CO,Et NH2 CO,Et NO: CO,Et 


i 
H. .H 
CHs OH _H®, —H , 
Ci< Ope ef -COgBt CT 
H H H 
The resulting compound can be converted to indole as follows: 


O 
I 
\ 1. KOH CaO/A 
Cr C—OEt —71,0° > (CI) coon (CO, Cy 
H 


H 


ois 


Synthesis of Some Indole Derivatives (Target Molecules) through Disconnection Approach 


1, Cut (2-Methylindole) 


N 
H 


TM (1) 
Retrosynthetic analysis (I) 


4 Ia C—N C—C nia 
| —— ——— + 
N Enamine Cry NH, O 
H NH, 
TM (1) (-NHNHg,) 


The ‘obvious’ C—N disconnection followed by C—C disconnection gives rise 
to starting materials of what is called Fischer indole synthesis in which the 
phenylhydrazone of a ketone is treated with acid (or Lewis acid ZnCl,). 
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Synthesis (I) 


+ —> ae TM (1) 
Cu 9 we n-N or ZnCl, 


H 
Retrosynthetic analysis (II) 


FGI ico O 
N N NH 
H 


TM (1) 
When an acylamidotoluene is treated with a strong base (NaNH, or ¢-BuOK), an 
indole is obtained (the Madelung synthesis). 
Synthesis (ID 


° i 
@e we Na NH; (2) wg N ‘ae 
H H 
2. oe ee (Ethyl 2-indolecarboxylate) 
H 


TM (2) 


Retrosynthetic analysis 


C—N CO;Et C—C CO.Et 
ee O ——~—> oF | 
N? ~CO,Et NHz CO,Et 
H NHp 


Reduction | FGI 


: ae. 
Synthesis 


Cr COzEt _NaOEt , NaOEt Ses COB 7 /scOH Bins TS ie al 
NO2 CO,Et NH 


{4° 

© 
N~ SCO,Et 
H 


fe oa. a 


6.4.1.2 Properties and Reactions 


Indole is a colourless crystalline solid having m.p. 52°C. It resembles pyrrole, in general, 
chemical reactions; however, it differs from the latter in many ways due to presence of a 
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benzene ring. Indole is a planar conjugated system of 10 z-electrons, 2 from the nitrogen 
and 8 from the carbon atoms and is thus a z-excessive molecule. Its resonance energy 
has been found to be 47—49 kcal/mol. From the valence-bond point of view, indole is a 
resonance hybrid of three principal resonance structures. 


9g 9g 
. I << J <<, L 
N oN oN 
H H H 


Presence of high electron density at the 3-position has been supported by the calculation 
of z-electron densities and by the molecular orbital methods. Indole like pyrrole is a very 
weak base. 


1. Electrophilic substitution Indole undergoes electrophilic substitution predominantly at 
position-3. Due to fusion of a benzene ring, the position of greatest electron density of the 
pyrrole ring is changed from position-2 to position-3. Electrophilic attack at the 2-position 
of indole yields an intermediate carbocation that is a hybrid of structure I in which the 
positive charge is accommodated by the heterocyclic ring, and several other structures like 
II in which the charge is accommodated by the benzene ring. On the other hand, attack 
at 3-position yields on intermediate carbocation that is a hybrid of structure III and IV 
in which the positive charge is accommodated by the heterocyclic ring. In structures I, 
III and IV, the aromatic sextet is preserved in the benzene ring. On the other hand, in 
structures like II, the aromatic sextet is disrupted in both the rings, with a large sacrifice 
of resonance stabilization. Structures like I, IJ and IV are much more stable. However, 
there are two stable contributing structures (III and IV) for attack at the 3-position and 
only one (I) for attack at the 2-position. The structure IV is especially stable because all 
atoms have complete octets. The carbocation resulting from attack at 3-position (and the 
transition state leading to that ion) is, therefore, expected to be much more stable than the 
carbocation (and the corresponding TS.) resulting from attack at the 2-position and the 
electrophilic substitution is expected to take place much more rapidly and predominantly 


at the 3-position. 
2-attack is — 
atack Cy <> Cw <> ete. 
H H H H 


73 Ee IJ II 
N Intermediate carbocation (less stable) 
are i, Z Ei 
3-attack Quen: ay af i 
N-*? N 
H H 
Ill IV 


Intermediate carbocation (more stable) 
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If the position-3 of indole is occupied, then 2-substitution occurs. If both the 2- and 
3-positions are blocked, then the benzene ring is attacked at the 6-position. 


Some electrophilic substitution reactions of indole are given below: 


(i) Nitration Whena mixture ofindole and sodium ethoxide with ethy] nitrate, 3-nitroindole 


is obtained. 
OKI 1. Bthyl nitrate/NaOBt nr” 
N 2. H,0® N 


H H 
3-Nitroindole 


Mechanism 


0,KCont —-EtOH =O a H,0® Or 
~NaOEt” “ype 2 


bs 
Ete H 


(ii) Halogenation 


OS wt Of 22 Ow 
> 
N’ SSulchuesl chloride N or Br,/AcOH N 
H H H 
3-Chloroindole 3-Bromoindole 


(iii) Sulphonation Sulphonation of indole is carried out only under milder conditions using 
pyridine-sulphur trioxide complex in order to reduce problems associated with acidity. 


Rare 
N WN < SO3H 
om =e 
3- Ha cies shonts acid 


(iv) Vilsmeier—Haack reaction £-Formylation of indole can be carried out smoothly by this 


reaction. 
Cw 1. DMF/POCI, Cua CHO 
N 2. H,O/NaOAc N 
H H 
3-Formylindole 
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\ 
Cl | ». 
Cor O SOP 0 cHcroNMe, 
\, ; 
CICH=NMe, POCI,0 
(active electrophile) 


Cl lo. ® 
o=pe i nb ime, > Our O—CH=NMez mE os 


@® 
N 
H 
© | #20: 
an < CHO_adif a is | CH_NMe, 
@5 + = 
; N rot oe OH, 
H H 


3- eee 


(v) Reimer-Tiemann reaction Indole reacts with CHC1,/OH® to yield, after acidification, a 
mixture of 3-formylindole and 3-chloroquinoline. 
Cop ses OO + CO 
os 2. 2H N N~ 
H 
ats 3-Formylindole 3-Chloroquinoline 

Mechanism of the reaction 

cr 


9g 
H,O +cLct1—> :cCcl n 
Dichlorocarbene 
(electrophile) 


i, 
ClCH + :GH® <= 
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3-Chloroquinoline 


(vi) Gattermann reaction £-formylation ofindole may also be carried out by the Gattermann 


reaction. 
Cry se, CL 
—————"_>+ 
N) anhy. ZnCl, N 


N N 
H H 
Indole 3-Formylindole 


Mechanism of the reaction 


ZnCl, + 2HC] == 2H®znclz” 


@ 7) 
2H—C=N + 2H®ZnCl7° —= 2[H—C=NH <> H—C=NH] + ZnCl3° 


CH=NH = 
HC=NH —H® CH-NH 
co! — eH —> | 
N N N 
H H H 


6 a" 
on NE NEL 


> ae. @ 
CH, @ O: CH+-NH 
Cry te Cry Na “eC 
N H N N 
H H H 


-1| a, 
s : -CHO 


N 
H 


(vii) Mannich reaction Indole reacts with formaldehyde and dimethylamine in acid 
solution to yield gramine (3-dimethylaminomethylindole). 


Cw HCHO, NC,NH cra 
=e 
aj7_-HCU/MeOH/A - 

H H 


3-Dimethylaminomethylindole 
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es ® we J ® _H® es 
cH=6: 2 GH, >On “2s Me,NH—CH,0H === Me,N—CH,OH 


Pe 
@® = ate @ 
Me,N=CH, <22 MeN CH, OH, 
(electrophile) 


ann eis, CH,NMez 16 CH,NMe, 
fo | ; ez H , @ Il ae I 
N N N 
H H H 


(viii) Acylation 


? 
Ac,O/AcOH C—CH3 
N N 
H H 
Indole 3-Acetylindole 
Mechanism of the reaction 
O 
OO HCOAc it 
PAK SCH; 
< + CH;—C--O+C—CH3 ——> oJ H+ _¥:0Ac° + CH3;COOH 
H 
Indole 


O 
| 


N 
Hi 
C—CH, 
Char + AcOH 
N 
H 


(ix) Alkylation 


Crd Mel/ DMF, MeOH ‘ Qian 
+s 80°C +s 

N 
H 


3-Methylindole 
or skatole 


mA 
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2. Reduction Indole is reduced electronically, by tin and hydrochloric acid, or by zinc and 
phosphoric acid to 2,3-dihydroindole (indoline). This is also produced by the catalytic 
reduction using copper chromite. 


Cw Sn//HCl or Zn dust/H;PO, : Ges 
NI or H,/copper chromite NI 


N N 
H H 
Indole 2,3-Dihydroindole 


When the reduction is carried out with H,/Raney nickel, the product is octahydroindole. 


3. Oxidation 


Cw PhCOOOH leew 

|| ——————> 

N [0] NHCHO 
H 


Indole 2-Formamidobenzaldehyde 


4. Acidic properties The NH proton of indole is sufficiently acidic to be abstracted by base 
like n-BuLi. This provides a very good method for the synthesis of indole-N-carboxylic 


acids. 
HH 3:0 | 
COOH 


Indole Indole-N-carboxylic acid 


Mechanism of the reaction 


SEB BOLL ye Og om 


i) COOH 


we Okie 
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When indole is treated with MeMgBr, indole magnesium bromide is formed. This is used 
to prepare substituted indoles. 


— 
Cl ae TY - Ce <> ete.| MgBr 
N UM, 
Cj 
H 


SOLVED PROBLEMS [oO 


1. Predict the product and suggest a reasonable mechanism for each of the 
following reactions: 


(CH,); “CH,OH 
© One ge [C.U. 2013] 
a aes _-CH,(CH,),0H a 
k a 
a a [C.U. 2014] 
N 3, H,0° 
Et 
CH,Cl, 
@ CLI aa 
H 
© Cri Be, 
N CH; H,O0 
(f) Cul HCVEt,O 
N 
H 
Cy Gus Br 1 cF,COOH: rt 
ae —_—> 
N >( \ 
N 


H 
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Solution 
14 = (CH.) 
© : -(CHg)3 “*CH,—OH H,0° @ 4 aS P 
(a) N N CH OH» 
H H J 
—H® @ bond 
H Hy H 


an 
ae 

an 

an 


The protonated alcohol undergoes intramolecular nucleophilic substitution to give 
a spirocyclic intermediate which rearranges (Plancher rearrangement) to give the 
product with differently labelled carbons. 

(b) This is similar to problem (a); a Lewis acid is used instead of a proton acid. 


of 


H 9 ae 
—4o 
(a) 
<3r,0H 
N x OF (o} 
HH~: *)8r,0H 


Eo 
<Sr,0H- nt 


ANO 
HH-—~:#)8r,0H 


(c) Indole reacts with ethylmagnesium bromide to form another Grignard reagent, 
which reacts with CICH,CN by an Sy2 mechanism to give 3-cyanomethylindole. 
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EOMgBr fF egticex CH,CN 
0p eae jon OS | ea? CS 
q Sy2 N 
N 
H LL MegBr |e 
Indole Indolemagnesium bromide 

CH,COOH ,, 9 CH,CN 

N N 

H H 


3-Cyanomethylindole 


(d) Since the 3-position of the substrate is blocked, only 4-methylquinoline is obtained 
by an electrophilic addition followed by cleavage of the cyclopropane ring. 


c,CH + + Mei = CH, + LieclCHL Col eo 43 ‘CHCl (Chlorocarbene) 


CH, & )* CH ie ey 
Cry 3 —-Me Li - S—=:CHQ cHLo) cl ors 
N N N N 


| A 4-Methylquinoline 


avec 
NN ~CH,OH 
H 


Due to presence of an alkyl group in 3-position, the intermediate loses a proton 
to form an enamine instead of aromatization. The enamine then undergoes 
nucleophilic attack by water to form an indole derivative by expulsion of Br®. 

(f) Indole undergoes acid-catalyzed dimerization in which a protonated indole acts as 
the electrophile. 
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Indole dimer 
(isolated as its hydrochloride) 


// 
N N 


H 


Pyrrole reacts with the protonated 3-bromoindole to give an intermediate which 
undergoes rearomatization by the loss of a proton and a molecule of HBr to give a 
2-substituted indole. 

2. How would you carry out the following transformations? 


H 
CHO 
» OI — 
N ON N 
H H 
: : : HgOAc 
© —> Cre 
SN N° ~HgOAc 
H H 
@ CrI— CLT Yo, 
H dal 
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(e) | | 
Dk, —> COT he 
H H CH,Ph 
© ChI— Cra yen 
N N 
H H Me OH 


Solution 


(b) 


(c) 


(d) 


(e) 


(f) 


@ 
CH,NMe, CH,NMe,I° CH,CN 
Mel KCN 
N N 
H H 


Ss rr 
“7 2. H,O/NaOAC . AcOH ~ Q,N . 


£ 


N N N 
H H H 
HgOAc 
a Hg(OAc) Gud g 
| | : | 
Qe — N~ ~HgOAc 
H H 
SON CyHe, rt N NO 
H H 
PhCH,CHO 
LL. ae er 
N NH, PEG N 
H H CH,Ph 
PhSO,Cl 1. n- ee —-78°F ea NEM. NaOH 
Cr OI seo erst ao. 
N N OH 
H | We H Me 
SO,Ph dann 


Suggest a mechanism for each of the oe transformations: 


CH,OH be = © 


COOH _no8 


“Boiled © 


a os” 
“Oy on 


Heterocyclic Compounds 6.147 


Ph Ph 
Me 7 N° “Me 
H 


NO, 
e a 1. LDA (2 eq.), diglym, —78°C CI 
——.A$Ja2m > 
© NC 2.H,O N 
H 
Solution 


at 
—H® q 
Cm ee “aero =e 
H H H H 
® 
NMe; CH, CH,CN 
(b) on -NMes, oe Ucn? > ian 
N) N N 
H’ GNe HON - 
COOH Hy 
(c) Chae ap tO =x Cw 
N 7 H —©® N 
H H H 
Pho ~vPh Ph 
(a) Cia :P(OEt)s Cx —O=P(OEt); CI Me 
Ws: : ON OFF (OEt)s N50 


F Pho Ph 
Ph Cite O=P(OEt)s Cac 
ge N N-O7P (OEt); 
Ph-shift ues H° Ph 
a, HSC 

N ~Me 

H 


N® Me 
re) 
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Yn 
CHAT ancasie CH, Li® a 
© Cie 's —tm— Clee — Ce 1 
N=C: N=C: N 


P| STUDY PROBLEMS DO 


wo 


At what position is electrophilic substitution of indole fastest? Give your reasoning. 
Where does indole protonate and why? 

How can the following compounds be prepared from indole: (i) 
3-dimethylaminomethylindole, (ii) 1-methylindole, (iii) 3-acetylindole, (iv) 
1-indolecarboxylic acid and (v) 3-indolecarboxylic acid 

[Hint: (iv) Lithio-indole (obtained by the reaction with n-BuLi) reacts with COs, 
predominantly at the N atom and (v) indolemagnesium bromide (obtained by the 
reaction with CH;MgBr) reacts mainly at the B-carbon atom.] 

Predict the structures of the phenylhydrazones required for the Fischer 
indole synthesis of: (a) 3-ethyl-2-phenylindole; (b) 2-ethyl-3-methylindole; (c) 
3-methylindole; (d) 2-phenylindole and (e) indol-3-ylacetic acid. 

Predict the structure of ‘indole trimer’ (C.,H,,;N3) which is expected to be formed 
when indole dimer is subjected to acid treatment. 

Outline a rational mechanism for each of the following reactions: 


D 
> Od + D)SO, (dilute) —> | 
N 
D 
> os dil, H,S0, Bees, Cit CH 
: N° CH 
H 
CHO 4,0,/0H® OH 
oO ae CLT + Hc00n 
N 
H 
CH, 
» EK a e@en ewe. 
Z H 
CHs nN ~CHs N° SCH, 
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10. 


11. 


(CH2)NHe  prcnocr,cooH . : 
(e) See PhH, heat Cee" 
H 
Z (CHy)2Br  x,C0,, MeCN Curn 
(f) SN In y reflux FA 
N 
Z Me H® Me 
(g) ~ Ie | A Cue 
'~~N7 SCH,COOH Me 


\ 


N N 
H H 
7 >— NaH 
® i |! gp oe _! 
SS SCHO. Ph;P®1—CH=CH, Br Ny 


[Hint: (h) Intra-molecular Wittig of N-substituted indole.] 

2-Methylindole is more basic than indole — Why? 

Electrophilic attack takes place at C-2 in pyrrole, but C-3 in indole. Explain. 
[C.U. 2011] 

[Hint: See articles no. 6.2.1.2 and 6.4.1.2] 

2-Methylindole is more basic than 3-methylindole. Explain. [C.U. 2011, 2015] 

{[Hint: The conjugate acid obtained on protonation at C-3 of 2-methylindole is 

relatively more stable than the conjugate acid obtained on protonation at C-3 of 

3-methylindole.] 

In Fischer indole synthesis, a phenylhydrazone is converted to an indole by the 

action of an acid. Write the mechanism involved. [C.U. 2012] 

[Hint: See article no. 6.4.1.1] 

Show the complete mechanistic pathway of the following conversion along with the 

necessary reagents. 


er. ice 
- —- Cut [C.U. 2014] 
NO, CO,Et N~ ~CO2H 
H 
[Hint: See article no. 6.4.1.1 (Reissert synthesis).] 


6.4.2 Quinoline and Its Derivatives 


Quinoline is present in coal-tar and bone oil and was first obtained from the alkaloid 
quinine by alkaline decomposition. It is obtained commercially from coal-tar, or prepared 
synthetically from benzene derivatives by ring closure which can be effected by a number 
of procedures. 


5 4 
ve a2 
3 N 


1 
Quinoline 
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6.4.2.1 Synthetic Methods 


1. The Skraup Synthesis This widely used and important synthetic route to quinoline and 
many of its derivatives involves heating a primary aromatic amine possessing at least 
one vacant ortho position with glycerol, conc. sulphuric acid (a condensing agent) and 
nitrobenzene (an oxidizing agent). FeSO, is often used to make the reaction less violent. 
Quinoline itself may be obtained when a mixture of aniline, nitrobenzene, glycerol, conc. 
H,SO, and ferrous sulphate is heated in the presence of PhNOs. 


na 
Ci + CHOH conc. ee ‘ Ce 
NH, N 
Aniline CH,OH Quinoline 
Glycerol 


Mechanism of the reaction This synthesis may be envisioned as taking place in four distinct 
steps: 
(i) Acid-catalyzed dehydration of glycerol to form acrolein (CH,—=CHCHO). 


@ 
CH,—OH CH,“OH, CH, CH, 
| me? Ho bH, m0, aw. dy 
oo H,SO,/A | G —2H® i l 
CH,—OH H™CH—OH CHOH CHO 
(ii) Michael addition of aniline to acrolein to yield B-phenylaminopropionaldehyde. 
OH ll 
Zz 
A} 
i H® HS OH H® a ~ OH 
+ cH == = 
@u Ny “a CH eu CH. 
NH No N7 
Be H H 


(ii) Intramolecular electrophilic substitution followed by dehydration to yield 
1,2-dihydroquinoline. 


® 


(iv) Oxidation of 1,2-dihydroquinoline by nitrobenzene to give quinoline. 


RE 61S LT Ser er or er eee eee ee ee mn eee eee Tem ne ere Tee Cae reer eit 
It is to be noted that if a strong o-/p-directing group is present in the m-position, e.g., 
—OMe, of aniline, then the 7-substituted quinoline is formed; if weakly o-/p-directing, 
e.g., Cl, then both 5- and 7-substituted quinolines are formed. If the m-substituent is 
m-directing, then 5-substituted quinoline is produced predominantly. 


2. The Doebner-Miller Synthesis It is closely related to the Skraup synthesis as an aromatic 
primary amine is also utilized in this process which proceeds through the intermediate 
formation of a dihydroquinoline. It consists of heating a primary amine with an aldehyde 
(2 moles) in the presence of hydrochloric acid. The oxidizing agent involved is a Schiff’s 
base. For example: 


NH» N° ~CH; 


xe deeds 2 
Aniline 2- Methylquinoline 


Mechanism of the reaction From recent investigations it becomes clear that the process 
involves self condensation of two molecules of Schiff’s base (one in the form of enamine) 
to form the quinoline nucleus. The Schiff’s base also functions as the oxidizing agent and 
converts the dihydroquinoline to quinoline. 


@® 
C=" 4 Pt, OH au :OH, 
|. = gq , | eg 2 OO, 
C—H CH CH; 


CH;— —CH—NH,Ph CH;—CH+NH—Ph 
u => _ ye ® = 
CH—Cn-NHpy: ees CCH NER on on= Sun <= 
e Schiff’s base 
enamine @ 
an ac” NHPh 7 5 
ee a in y NHPh PhNH, H 


CH, H H 


| +H® 
ne aan = =e : as .. LH 
CH3 H CH; i CH; 


Oo 
PhNHCH,CH,; + (CS)  <qnscuon, Ger: a | 


(Schiff’s base) CH; —PhNH, 


3. The Friedlander Synthesis This is another important method for synthesizing quinoline 
and many of its derivatives. This involves a condensation reaction between an aliphatic 
carbonyl compound containing an a-H atom and an aromatic carbonyl compound with 
an —NH, group at the ortho position in the presence of a base. For example, quinoline is 
formed when o-aminobenzaldehyde is condensed with acetaldehyde in aqueous sodium 
hydroxide. 
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(—2H,0) N 
o-Aminobenzaldehyde Acetaldehyde Quinoline 


Mechanism of the reaction The reaction involves formation of a Schiff’s base followed by 


an internal aldol type condensation between the aryl carbonyl group and the methyl group 
with considerably acidic hydrogens. 


C 
CHO | 2H, Se | 
a ee. Cr ® —_— Cr 2 CH 


HOs Hy 
Synthesis of Some Quinoline Derivatives (Target Molecules) through Disconnection Approach 


1. Cr (2-Methylquinoline) 
N~ ~CH 


3 
TM (1) 


Retrosynthetic analysis 
This target molecule might be disconnected to give aniline and a synthon A. 


Cr. = . 
Chet ok 

N* ~CH3; NH, O* ~CH; 
A 


TM (1) 
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The simplest answer for A is to use crotonaldehyde, CH, CH=CHCHO, and oxidize. 
This is the basis of what is called the Skraup synthesis of quinoline. 
Synthesis 


conc. HNO; Sn/HCl CH;CH—CHCHO >TM(1 
—ran —> 
conc. H,SO, NO, NH, H,SO,/A/PhNO, (1) 


50-60°C 


= 


2. | ee (8-Methylquinoline) 
Me TM(2) 


Retrosynthetic analysis 
The target molecule might be disconnected to give o-toluidine and a synthon B. 


The simplest answer for B is to use acrolein, CH,=CHCHO, and oxidize. This is 
also a Skraup synthesis of quinoline. 


Synthesis 
conc. HNO; Sn/HCl Glycerol 
re a ag > 
s) conc. H»SO, Sno, Clee H,SO,/PhNO,/A TM (2) 
CHs CHs CHs, 
(major) 
3. Cie (Quinoline) 
N 
TM (3) 


Retrosynthetic analysis 


H 
oy 2 Om se OGE ae 


When o-aminobenzaldehyde is condensed with acetaldehyde in the presence 
of dilute alkali, quinoline is obtained. This is the basis of what is called the 
Friendlander’s synthesis of quinoline. 
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6.4.2.2 Properties and Reactions 


Quinoline is a colourless liquid having b.p. 237°C and has a characteristic smell resembling 
that of pyridine. It is weakly basic (pK, 4.94). Presence of electron-donating groups at the 
2- and 4-position increases its basicity. Quinoline is highly aromatic and has a resonance 
energy of 47.3 kcal/mol and is considered a resonance hybrid of the following principal 
resonance structures. 


SS SS 2 
ray re) 


The dipole moment (1) of quinoline is 2.10D, which indicates charge separation in the ring. 


1. Electrophilic substitution The nitrogen containing ring of quinoline resembles pyridine 
and is z-electron-deficient and more so by protonation of the ring nitrogen atom. Thus, 
acidic electrophilic reagents show a strong preference for attack in the carbocyclic ring 
resembling benzene and nucleophilic reagents show a strong preference for attack in the 
nitrogen containing ring. The electrophilic substitution occurs preferably at C-5 and C-8 
positions. This may be explained in term of the stability of the carbocation intermediates 
obtained on electrophilic attack. 


E H E H Al 
_ m _ 
oH IS -6-attack 5-attack kide = <>etc. 
N~ | Nv oe ON ; 
Less stable | 6 : ~ 3 | More stable 
7 : NZ 2 
Quinoline r = @ ~ 7 
7 <> <> etc. 
. <> SL) 7-attack 8 attack Ce CS 
E @® hy |E H E H | 
Less stable More stable 


The carbocation intermediate for 5- or 8-attack contains two resonance structures in which 
the aromaticity of the nitrogen containing ring is still preserved, whereas the intermediates 
for 6- and 7-attack contain only one resonance structure in which the aromaticity of the 
nitrogen containing ring is preserved. Therefore, the intermediates for 5- and 8-attack 
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are relatively more stable and so, the electrophilic substitution occurs mainly at 5- and 
8-positions. 
Quinoline undergoes electrophilic substitutions like halogenation, nitration and 
sulphonation. It requires less vigorous conditions for electrophilic substitution than those 
required for pyridine. 

Br 


Bromination % oo + 
Br,/Ag,SO,/H,SO, 


5-Bromoquinoline 


8- ecu ancien 


Ce Nitration iy y x ~ 
N7 HNO,/H,SO, NZ NZ 


Quinoline 


5-Nitroquinoline 


Sulphonation " S 
H,S0,/A Nn? 
SO;H 


Quinoline-8- 
sulphonic acid 


8-Nitroquinoline 


Sulphonation of quinoline with H,SO, at 300°C gives quinoline-6-sulphonic acid, which 
can also be obtained when quinoline-8-sulphonic acid is heated at 300°C. When quinoline- 
8-sulphonic acid is heated with solid NaOH and then acidified, 8-hydroxyquinoline is 
obtained. 


2. Nucleophilic substitution Like pyridine, quinoline also undergoes nucleophilic 
substitution reactions. Sodium amide, a strong nucleophilic reagent, causes substitution at 
2-position yielding 2-aminoquinoline which on further treatment with nitrous acid (NaNO, 
plus HCl) gives an important compound known as carbostyril. Similarly, 2-butylquinoline 
can be obtained when quinoline is treated with n-butyllithium. 


NaNH, S HNO, ~ 
a ——2__» a 
liq. NH eee (NaNO,/HCI) 
q. NH; N* ~NH, N- SO 


2-Aminoquinoline Caticstyril 


S NaOH/KOH — —H, S H,O 
Se ooo Pan Ser 
N No 


Quinoline 
Bali 5 CSL. , (2-Butylquinoline 
“Li N7XC,Ho yd ) 


The mechanisms of these reactions are shown in the case of pyridine (article no. 6.3.1.2). 
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3. Oxidation Different products are obtained when quinoline is oxidized using different 
oxidizing agents and reaction conditions. 


HO,C HO,C 
KMnO, 2 a A 2 a 
[O] ee —CO, 1 
Pyridine-2,3- Nicotinic acid 
dicarboxylic acid 


~ 1.0 OHC~ CHO 
Ch in Mes , pa) - | 
IN OHC~ =N CHO 


Quinoline Pyridine-2,3- Glyoxal 
dicarbaldehyde 
CH,COOOH Ce 
(Peracid) NZ 
8 
0p 


Quinoline-N-oxide 


As the benzenoid ring is more electron rich, it is more easily attacked by the oxidizing 
agents to give the corresponding products. However, peracids oxidize the pyridine ring by 
forming an N-oxide. 


4. Side chain reactivity The alkyl groups present at the ortho- or para- to the ring nitrogen in 
quinoline are considerably acidic and therefore, the chemical reactivity of such compounds 
resembles rather closely that of 2- and 4-alkyl pyridines. For example: 


CHs CH=CHCg.H; 
4-Methylquinoline 4-Styrylquinoline 
Co oe 
voc, == N*~CH=CHC,H; 
2-Methylquinoline 2-Styrylquinoline 


5. Reduction: 


N7 = —T20N) ACI > "MeOH N 


5,6,7,8-Tetrahydro- Et,0| LiAIH 
quinoline : ; aa 
Cm 
N: 
H 


1,2-Dihydroquinoline 


Heterocyclic Compounds 6.157 
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1. How would you prove that quinoline bears a benzene nucleus in its 
molecule? 
Solution When quinoline is treated sequentially with H,/Ni, Mel, moist Ag,O/A, Na/Hg 
and KMn0O,, benzoic acid is obtained. This on heating with sodalime produced benzene. 
This observation, therefore, suggests that benzene nucleus is a part of quinoline molecule. 


H,/Ni 2Mel 1. AggO/(moist)/A 
Lo ee CHD CT ie 2. Na/Hg 


a ~~ 
Quinoline H Me Me 
NaOH(CaO) COOH 1. KMn0,/OH® 
. A = A 
inieewe 2. H,0' NMe, 


2. Predict the product and suggest a reasonable mechanism for each of the 
following reactions: 


——aee NaNH,/NH,() <a os 1. (CO5Et), 


@ ©] (b) > 
i NaOEt/EtOH 
SONNE 2.H,O SSN NCH ais 
(c) Ce ae NaOEt (d) i ia PhCDO 
= 
tS EtOH, reflux SRE A 
SNE] N7 CO.H 
(e) Zs Br _KNHLYNH,W) © ITS 1.n-Buli 
ace 
= NN ee SN SEL 2.CO, 
3. H,0® 
(g) an aa p-CH3Ce6HyCO,Et (h) iS conc. HNC Went H,SO. 
ip 
. SS 1. PhCOCl . SS Br/CC 
Ta a a 
i) ee 2. KCN/H,O Gi) Cr Pyridine 
bp 
Solution 


(a) Quinoline undergoes nucleophilic attack at 2-position to yield 2-aminoquinoline. 


_ N&NHE -  S ® Elimination SS 
Addition (slow) NH» ete, Na (fast) _H 
N* N+ TH N~ —N: 


i) AYH 
+ Na He 


N* SNH, N* SNH N& 


6.158 Organic Chemistry: A Modern Approach 


(b) Since the protons of the quinoline-2-alkyl group are particularly acidic, a 
condensation reaction occurs in the presence of base to give a ketoester which 
when heated produces the corresponding ester. 


o» 
O 
S BIO” BO} comet | S | 
Z ON 
NY) “OH N° CHS SCO,Et 
—co 
A 


N CH,CO,Et 


N CH, 


(c) Nucleophilic substitution occurs by the alkoxide ion to give the corresponding 
ether. 


OM Or or = CISL 
Nd) ~Cl NSCOI N° “OEt 


(d) Decarboxylation followed by nucleophilic attack on the carbonyl carbon produces 
a secondary alcohol. The intermediate zwitter ion may also produce quinoline by 
proton transfer. 


S AS S 
Oem orbs fo > ee oe 
N CO.H oT 
H 
N* CDPh <CDPh D 


OH 


(e) The reaction proceeds through the formation of an aryne intermediate to yield 
1,2-diaminoquinoline. 


Y, iS) ® 
N’ NH Nt NH, N* ~NH, N~ ~NH, 
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(f) Base abstracts an acidic methyl hydrogen to form a carbanion, which then reacts 
with CO, followed by acidification to give a carboxylic acid. 


meer 


COr ay! Nw a Nw Li 
9° 


— CH, 
Jorexe 
OL. OL 
N° ~CH,COOH N’ °CH,—C-CLi® 


(g) The more activated heterocyclic ring undergoes nitration to give the corresponding 
nitro derivative. 


oN 0» NO» 
S = 5, = 
N Et (cone. ino, + cone: H,SO,” N Et 
Cop “ee O 


CH a 


p—CH,CsHy—OOEt 


~ él 
» O 
N eee, ee 


(i) Benzoylation of the N-oxide followed by nucleophilic attack by CN®° on C-4 and 
subsequent loss of benzoic acid produces 4-cyanoquinoline. 


H CN 
o an DQ. Ph 


b 
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QG) Bromination of quinoline by Br./CCl, in the presence of pyridine yields 
3-bromoquinoline by the following addition—elimination mechanism. 


H 
@ 
~Br—Br , Core — Bry 
OL ca Crk He —_—> re yw «Br 
| Br 
BeBe Br Br 


N* —Br, 


3. How would you convert quinoline to each of the following compounds: 


COOH 
(a) : (b) ans 
COE N 
NO, 


HOS = 
(c) CIS (d) : 
N N 
COOH = 
(e) © | (f) 2 
or oe: 


OH 
Solution 
> Clue? _solid KOH. CI eh ge _POls . ~ 
220°C OK N Cl 
HJCN 
SS CHI SS KCN I, 
(b) Ce —> Pe ee Pyridine 
N ON N —-HI 
| 7° | 
CH3 CH3 
COOH CN CN 
—S 1. NaOH /reflux SS 200°C Ss 
a 
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© CT 30% Shae Se > 250°C eae GS. 
90 — 90°C > se 


N N 
SO3H 


S > cone. eine NOG _PPhs 
conc. “gone, SO,” 


Ss) _1. KMn0,/OH®, A HO,C HO,C 
(e) Ce 2.H,0° ” HO, — —CO, = 


Ce Oe: oleum A aos, NaOH/A 
(f) Ce 900.” 2.H,0® ” 


ie 


4, (a) How would you prepare 2-methyl-4-quinolone and 4-methyl-2- 
quinolone using aniline and ethyl acetoacetate? Give mechanisms of 
the reactions involved. 

(b) Convert: aniline > 4-methylquinoline [C.U. 2010] 
Solution 
(a) These two quinoline derivatives can be prepared as follows: 


EtO,C 
40°C “OH: 260°C i 
"= Gu me —C,H;OH oon 
@ Ch n-\ouy, nN ~CHs 
Anilige ie A 
i‘ ee 2-Methyl-4-quinolone 
CH3COCH,CO2Et 4) 9 
Ethyl acetoacetate BOS CH, 
° 2 cone. H,SO 
CaS Wis SG 
N~~“So NO 
H 
H 


4-Methyl-2-quinolone 
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feasts wpchsicsWell selena ieuattad ede sdpudtlssbabscabh uuckeisneta lus iad cet Gases gauulue olde cats dy ductus ydlusbederhdhse asia thacteupusea¥dasee fesvec moctegtaakaguene sts aeeeer teseasets pape dae e 


Mechanisms of the reactions 


? 
EtO,C EO LC 
2 
mau fiy* he _40°C . d CH —H,O é 
+ He” Te 3 
H 
—B10H | 260°C 
O 
oar ce) 
i CHs N CHs 
@ 
i i 
H,C— a A es 
Og wo Ce ate O20 
® Qe, ha H —EtO. a thy conc. a NZ 
H 
CHs; HC OH, ry OH 
SS —H,O +H® 
—H® H <—— ~@® | 
N O N -O O 
H H H 
NH, CH; 
CH;COCH,CHO S 
(c) O conc. H,SO,4 - Ne 


5. Write structures of the aromatic primary amines required for the Skraup 
synthesis of the following compounds: 


(a) 6-Ethylquinoline 
(c) 6-Methoxy-8-nitroquinoline 
(e) 1-Azaphenanthrene 
Solution 
(a) 4-Ethylaniline (p-EtC,H,NH,) 
(b) o-Aminophenol (o-HOC,H,NH,) 


NO, 
(c) 4-Methoxy-2-nitroaniline HN-OS—OMe 


(d) o-Toluidine (o-CH,C,H,NH,) 


(b) 8-Hydroxyquinoline [C.U. 2013] 
(d) 8-Methylquinoline 
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NH, 
(e) 1-Naphthylamine 


6. Predict the problem which might arise in the application of the Skraup 
synthesis for the preparation of 5-methylquinoline. 


Solution A meta-substituted aniline gives rise to a mixture of 5- and 7-substituted quino- 
lines because the ring closure may take place at 2- or 6- positions of aniline. 


; i: 4 5 4 
on Glycerol 6 3 3 6 3 
= GA 
conc. H,SO4,°" 7 232 + Se: 
NH» : N n 3 N 


The synthesis of 5-methylquinoline requires m-toluidine. Therefore, the 
synthesis of this quinoline derivative leads to the formation of a mixture of 5- 
and 7-methylquinoline. As a result, the yield of the desired product is low and its 
separation from the other product becomes difficult. 

7. Give the starting materials for the synthesis of the following quinoline 
derivatives by the Friedlander’s method: 


~ CO,Et ~ 
Cer ow COL © Cl) 
N Ph CH3 N 
Solution 


CHO CHO 
(a) Cr +PhCOCH; (b) ea + CH,COCH,CO,Et 
NH, NH, 
© Cl t xO 
NH, Oo 


8. Explain the following observations: 

(a) Quinoline is more reactive than pyridine towards electrophilic 
substitutions. 

(b) 8-Aminoquinoline is more basic than 7-aminoquinoline. 

(c) 2-Amino-1-methylnaphthalene fails to undergo the Skraup synthesis 
to give a quinoline derivative. But the same synthesis on 2-amino-3- 
methylnaphthalene gives the quinoline derivative. 

(d) When quinoline is oxidized with permanganate, quinolinic acid is 


obtained. 
(e) Quinoline-2,3-dicarboxylic acid smoothly forms only quinoline-3- 
carboxylic acid via a selective decarboxylation. [C.U. 2012] 


Solution 
(a) Because of the presence of electron rich benzene nucleus, quinoline is more reactive 
than pyridine towards electrophilic substitution. 
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(b) Because of intramolecular hydrogen bonding, 8-amino-quinoline is a much weaker 
base than 7-aminoquinoline in which intramolecular H-bonding is not possible. 


e ee 


HN_ 
ad H-bond 7-Aminoquinoline 
8-Aminoquinoline (pKa = 6.5) 
(pKa = 3.93) 


(c) Naphthalene in all its reactions behaves as a fixed bond structure where both 
the rings are benzenoid. a-Substituted naphthalenes do not undergo ring closure 
because elctrophilic attack at C-3 does not take place. However, in 2-amino-3- 
methylnaphthalene, the C-1 position is free and ring closure is possible as in the 
case of normal Skraup synthesis. 


CH3 CH3 
ean Glycerol i sais ad H.SO, No quinoline 
H.SO, derivative is 


2-Amino-1- formed 
methylnaphthalene o 42 i 
HOCH“? “CH, HO) Ed 
on 
H. 
NH» Glycerol souk KA NH _+.0 ake 
a 5 @ 2 
Bie oe H,SO, aie CH; Ce CH; —H® eae) CH; 
2-Amino-3- 


methylnaphthalene a 
aN [0] 
oon, = 
CH 


5-Methylbenzo[f]quinoline 


(d) Since the benzene ring of quinoline is relatively electron-rich compared to the 
pyridine (z-electron-deficient), it undergoes oxidation by permanganate to yield 
quinolinic acid. 


ci 1. KMn0,/OH® HO,C 1a) 
cnn ceili 
<a 2. H,0° HO,C > 


N N 
Quinoline Pyridine-2,3-dicarboxylic 
acid 


(Quinolinic acid) 


(e) A quinoline carboxylic acid decarboxylates through the formation of a zwitterion 
in which the negative charge on carbon is stabilized by the —I effect of the positive 
N-atom. For example: 
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A zwitterion 
Quinoline-2-carboxylic acid 


Since the —I effect becomes weaker with distance, the carbanion obtained on 
decarboxylation of C-2-COOH group is more stable than that obtained on 
decarboxylation of C-3-COOH group. 


Seer... A ~ CO.H ~ CO.H A eave 
Q , ae aa ts 
cooH —o% i CO,H —©: 3N~ ~CO,H 


(more stable) (less stable) 


For this reason, quinoline-2,3-dicarboxylic acid smoothly forms only quinoline-3- 
carboxylic acid via a selective decarboxylation. 
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1. How would you synthesize the following quinoline derivatives by the Skraup 
method? 


CH, CH, 
~ ™~ 
Ce oO 
N N ‘CH, 
CH, 
oe (a) 7 x y, S 
= y= 


2. ee a ai for each of the apices reactions: 


Phso,cH, N 
_CICH,SO,Ph_. 
KOH, DMSO, rt” DMSO, rt 
MeO es 
conc. sone. HzS04. SS 
95°C S 
N ~Me 
OMe 
_ Me a gs ace 
Me 
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@ CUS are > CI + CH: cHO 
N N*SCO,H 
SS 


3. conc. HCl 
) © es) +PhO=NPh —> : 
N | N~ ~NPhCOPh 
lo Cl 
O 


Offer suitable explanation for each of the following observations: 

(a) Acrolein itself is not used in the Skraup synthesis of quinoline. 

(b) Quinoline is more easily reduced than naphthalene. 

(c) Electrophilic attack in quinoline occurs at C-5 and not at C-6 under acidic 
conditions. 

(d) Nitration of the ring containing the heteroatom in quinoline can be carried 
out by converting quinoline into quinoline N-oxide. 

Illustrate with examples how quinoline compares with a-nitronaphthalene in 

electrophilic substitution. 

Explain why the relative rates of reaction of iodomethane separately with 

isoquinoline, quinoline, and 8-methylquinoline are 69, 8 and 0.008, respectively. 

{[Hint: There is no question of peri-steric hindrance in the case of isoquinoline; 

there is small peri-steric hindrance in the case of quinoline and there is large peri- 

steric hindrance in the case of 8-methylquinoline.] 

Suggest a plausible mechanism to rationalize the formation of methyl 

2-methylquinoline-3-carboxylate from the reaction of aniline with methyl 

acetoacetate and then this with a mixture of DMF and POCIs. 

How might one selectively reduce the heterocyclic ring of quinoline? 

How could one convert: 


Me Et 
~> “~ 
(a) gh Zs 
N N 
~~ Me ~~ Me 
(b) oe ? = 
N ~Me N ~CHO 
Me Me 


When aniline and methy] vinyl ketone are used in the Skraup synthesis, the product 
is 4-methylquinoline and no 2-methylquinoline is obtained. However, when aniline 
and crotonaldehyde are used, the product is exclusively 2-methylquinoline. What 
conclusion can be drawn from these observations regarding the mechanism of the 
Skraup synthesis. 
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10. Show the complete sequence of the reaction when aniline, conc. H,SO,, glycerol, 
and a mild oxidizing agent are heated together. [C.U. 2015] 
[Hint: See article no. 6.4.2.1 (Skraup synthesis).] 


6.4.3 Isoquinoline and Its Derivatives 


Isoquinoline was first isolated from the quinoline fraction of coal tar. It does not occur free 
in nature but abundantly in many alkaloids. It is called 2-azanaphthalene or benzo[b] 
pyridine and is numbered in the same manner as quinoline, but the nitrogen atom is 
assigned position-2. It is obtained synthetically by employing a number of cyclization 
procedures. 


Isoquinoline 
6.4.3.1 Synthetic Methods 


1. The Bischler-Napieralski Synthesis In this method, an acyl derivative of 
B-phenylethylamine is subjected to cyclodehydration to give a 3,4-dihydroisoquinoline in 
the presence of phosphoryl chloride, phosphorus pentachloride or phosphorus pentoxide. 
This is dehydrogenated to isoquinoline by heating with Pd/C or Se. The yields of the 
products are excellent if electron-donating groups are present in the benzene ring but 
poor if electron-attracting groups are present. For example: 


POCI, or PCl; Pd-C/A ~ 
4 H or P20; ZN or Se/A ZN 


H3sC No CH; CH; 
Acetyl derivative 1-Methylisoquinoline 
of B-phenylethylamine 


Mechanism of the reaction An intramolecular electrophilic substitution takes place in the 
presence of acid to give a 3,4-dihydroisoquinoline. 


Oo 
Cr O=PCl, Cre ® is 
QU oP NH —> NH <Nv-H 
O—POCL 4,6 O—POCI, H,C ~O—POCI, 
[Horeca 


SS Pd—C/A 
Ce" <crBeA Ce 
CH; CH, 


re et asta kee has icant sea ee eag eta secrete ak uname naien as Cgancenenisiy. ® Macinenniedey 
2. The Pictet-Spengler Synthesis In this synthetic process, a §-arylethylamine is condensed 
with an aldehyde to form an imine, which is then cyclized by treating with dilute 
hydrochloric acid to give a tetrahydroisoquinoline. It is finally dehydrogenated by heating 
with Pd-C. For example: 


MeO 1. CH,CHO MeO — 
2 3. Pa—C/A 
-(m-anisyl) ethylamine 
B-( 1) ethyl CH, 


6-Methoxy- 
1-methylisoquinoline 


Mechanism of the reaction 


p 


CH;-C—H MeO MeO 
tar PE IM 
N= CHCH; -N=CHCHs3 


Synthesis of an isoquinoline derivative (Target Molecule) through Disconnection Approach 


Example: N (1-Methylisoquinoline) 


TM (4) 
Retrosynthetic analysis 


Opa Oe 


N-(f-phenylethyl)acetamide reacts with POCl,, P.O; or PCl; to give isoquinoline after 
dehydrogenation. The reaction is called Bischler-Napieralski reaction. 
Synthesis 


O=PCl, Pd-C 
Ce ZN 


Yr “oF S or Se Se 
O 


———> TM (4) 
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6.4.3.2 Properties and Reactions 


Isoquinoline is a colourless liquid having b.p. 243°C. Its smell is similar to that of 
benzaldehyde. Like quinoline, isoquinoline is also an aromatic compound and is considered 
to be a resonance hybrid of the following structures. 


This compound functions as a weak base. It resembles seceeiaeiiaecs in many of its 
properties. Its dipole moment is 2.6 D. 


1. Electrophilic substitution Isoquinoline, like quinoline also undergoes electrophilic 
substitution preferably in the benzene ring (since benzene ring is more electron rich than 
the pyridine ring). Electrophilic attack occurs at the 5-(predominantly) and 8-positions. This 
is because the more stable pyridine ring is being preserved on electrophilic substitution 
at 5- and 8-positions. Moreover, a few reactions also occur at 4-position (e.g., bromination 
and mercuration). 


NO, 
— conc. HNO; _ = 
Isoquinoline 90% NO, 10% 
SO3H 
Oleum on 
<180°C ZN 


Isoquinoline-5- 
sulphonic acid 


2. Nucleophilic substitution Isoquinoline undergoes nucleophilic substitution usually at 
C-1 rather than at C-3. The intermediate anions expected for nucleophilic attack at C-1 
and C-3 of isoquinoline are as follows: 


ise oe + hee an Cp — 
H’ “Nu 
arte 


M3 ONY eee more stable 
Ce 
1 ~ ° _ 
CR Cx UH H 
Isoquinoline ZB 
3-Attack Css <> Cine <-> ete. 
-__S 6 


Intermediate: less stable 
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The intermediate anion for 1-attack contains two resonance structures (I and II) is which 
the aromaticity of the benzene ring is preserved. Also, in one of them the negative charge 
is accommodated by the electronegative nitrogen atom. The intermediate for 3-attack 
contains only one such structure (IV) and the negative charge in it is placed on the 
less electronegative carbon atom. The intermediate for 1-attack is, therefore, relatively 
more stable than the intermediate for 3-attack. For this reason, isoquinoline undergoes 
nucleophilic substitution usually at C-1 rather than at C-3. 


. _ 1. NaNH,/NH;(Z) _ 
(i) ZN 2. H,0 . N 


NH, 
Mechanism of the reaction 
(S) 
© =) 
Cy pay Le <> etc.| Na® 
H,N’ *H H.N’ (-H 
-H® 
~ H,0 ~ —H, 
eT 
(S) 
NH, HNNa Nu-H 


(ii) Organometallic compounds react similarly to give 1-alkyl derivatives. For example: 


ese 


3. Side chain reactivity The alkyl group situated ortho to the ring nitrogen displays acidic 
character because the conjugate base is stabilized by electron delocalization. Hence, such 
compound condenses with carbonyl compounds. For example: 


OD 3 OS 
ZN 
Cie ao5 CH=CH © > 
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= —H,0 = 20 S 
—N < =—N Gr : aN Of 


4. Oxidation Oxidation of isoquinoline can be effected with KMnO, (alkaline or neutral) 
and with peracids. 


O 
(neutral) <N OH? CO.H HO.c- SS N 
2. H,0°® ‘ 7 
Phthalimide | cx.cooon Phthalic acid Pyridine-3,4- 


dicarboxylic acid 
aN— O: 
Isoquinoline N-oxide 


5. Reduction Reduction of isoquinoline gives products depending on the reducing agent 
and the reaction conditions. 


Sn/HCl a ee __ (1,2,3,4-Tetrahydro- 
or Na/EtOH SN NH isoquinoline) 
S| BRAIN 7 S)_.2-Dihydroisoquinoline) 
aN orc SNL NH 
Isoquinoline 
Sa y 
conc. HCl, rt NNN mis NH 


Decahydroisoquinoline 


1. How would you prove that isoquinoline is a fused ring system involving 
benzene and pyridine, and it is, in fact, 3,4-benzopyridine? 


Solution When isoquinoline is oxidized with alkaline permanganate, phthalic acid and 
cinchomeronic acid (3,4-pyridinedicarboxylic acid) are obtained. The formation of two side 
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chains both in the benzene ring and pyridine ring prove that isoquinoline is a fused ring 
system involving benzene and pyridine. 


ear 1. KMn0,/OH® aiew . ee 
> 

AN 2.H,0° CO.H HO,C7~ SN 
Isoquinoline 


Phthalic acid Cinchomeronic acid 
(3,4-Pyridinedicarboxylic acid) 


Formation of 3,4-pyridinedicarboxylic acid also suggest that isoquinoline is 
3,4-benzopyridine. 
2. Quinoline on treatment with phenyllithium produces 2-phenylquinoline, 
whereas isoquinoline on similar treatment produces 1-phenylisoquinoline 
— explain. 


Solution In both the substrates, the nucleophilic attack by Ph® occurs in the activated 
heterocyclic ring. Attack occurs at C-2 of quinoline because that leads to the formation of a 
stable intermediate in which the negative charge is accommodated by the electronegative 
N atom and at the same time the aromaticity of the benzene ring is preserved. Because of 
the same basic reason, attack in isoquinoline occurs at 1-position. Therefore, quinoline on 
treatment with PhLi produces 2-phenylquinoline and isoquinoline on similar treatment 
produces 1-phenylisoquinoline. 


PROTA ~ ; PEO 
CO. 2-attack oa h; A/a -attack CT ae 
Li Ph’ SH 


Stable Isoquinoline Stable 
intermediate intermediate 


Baca 


[It is to be noted that C-4 of quinoline is relatively less positive and there is a possibility 
of peri-steric hindrance. For these reasons, attack at C-4, which gives similar stable 
intermediate, does not take place normally.] 

3. Suggest a mechanism for each of the following reactions: 


~—= 


LA 
(a) a + H,NCH,CHOEt), —o5> Sk 


—PRCHO/A = 
ZN 


ia CHOHPh 


S _POt ls 
hn eta? reflux a 
O 
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Solution 


(a) ay J. etiX-CH,CHOBD) > Gu +H® 
ee CH,CH(OEt), 
@® 
wii OEt 
ne H 


| ) 
Cc CH(OEt), — 


—BtoH) OH 
EtO OH EtO Rese ® 
me—cH “cH~ ? “CH HO=cH 
ees \ aN 


CH, CH, CH ‘CH 
\ es 
Ci ZN we Ch ZN = Gu ZN UN 
CH~ CH~ CHZ —EtoH CH~ 


H,0 H HO, /H 
<To H <—— H 
=—N —H,0 —N ZN 
—s = = 
Tek pe | CHOHPh 


wy) 


== —HOP(O)Cl, == 
@ —_,> —___—*> 
SO a OG 


5 O—PCl, Cl O+PClZ” Cl 


(c) 


4, How would you carry out the following transformations? 
~> SS 
OQ Oy 
CH,Ph 


oC . 
MeO CH—NH, MeO N 


Me Me 


CH=CHCHO ~~ 
© CT — CTA 
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Solution 
(a) S _PhCOCI, KCN 1. NaH, DMF . = aq. NaOH S 
ZN CHCl, H,0, rt” CH,Cl,, H,0, rt aN COPh 2. 2. PhCH,Cl ~ NCOPh a ~ ZN 
PhCH, CN CH,Ph 
(EtO),>CHY. CH 
OHCCH(OEt), SOL ll 72% HySO, S 
(>) Meo cH“ 140°C MeO CH N MeO ZN 
Me Me Me 
HY _ /OH 
VA i — —< 
CH=CHCHO CH=CH CH= 
NH,OH P,O; CH 
© Cr nnon, CV Oo Cy 
(Beckmann) H 
OHC~ 


@C aaa 
ZN 


5. How would you prepare 1-methylisoquinoline by the Bischler—Napieralski 


synthesis? [C.U. 2012] 
{[Hint: See article no. 6.4.3.1.] 


6. 1-Methylisoquinoline condenses with benzaldehyde much readily than 
3-methylisoquinoline. Explain. 


Solution The conjugate bases of 1- and 3-methylisoquinoline may be represented as fol- 


lows: 


ot 


Conjugate base of scuetaeeen lic 


Q 
aia <> ak <> a ee t 
ZN: Ch — N° etc. 


IV Vv VI 


Conjugate base of 3-methylisoquinoline 


The conjugate base of 1-methylisoquinoline contains three canonicals (I-III) in which the 
aromaticity of the benzene ring is preserved. Also, in one of them, the negative charge is 
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placed on electronegative N atom. This structure is relatively more stable. The conjugate 
base of 3-methylisoquinoline, on the other hand, contains only two canonicals with 
aromatic benzene ring and in none of them the negative charge is placed on nitrogen. 
Therefore, the conjugate base of 1-methylisoquinoline is relatively more stable and is 
formed rapidly. Because of this, 1-methylisoquinoline condenses with benzaldehyde much 
rapidly as compared to 3-methylisoquinoline. 


STUDYPROBLEMS [oO 


1. How would you carry out the following transformations? 


~S 
© CD, OO 
ON e, ON N 
CHO ~~ 
© Ce > OO 
CHO N 
MeO MeO we 
OT gO OID 
MeO CHO MeO ZN 
MeO MeO we 
6 
On N 
Ph 
OQ ran 
e <N Se 
NO, 
2. Prepare a curved-arrow mechanism for each of the following reactions: 


~~ Br Nona, ~-NH2 
Ce woe? 
(b) Ce 1. Mel ~ 

ZN 2. MeMg!l/Et,0 CT ite 


H Me 
CHO 
ie) Ce 1. DMF, POCI, Ce 
NMe 2. H20 NMe 
O O 


1. PhCOCl, KCN 


(a) Cr CH,Cl,, H,O ~ 
—,- > 
ZN 2.NaH, DMSO aN 
then PhCH,Cl 
3. aq. NaOH/A CH ,Ph 
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~ CICO,Et, EtsN ~ 
(e) ® ————_—> 
= EtOH N 
0° 


_ Cl _NaOMe_, 
(g) “N  +‘MeOH ocr 

Cl 
At which positions do quinoline a ee react most readily with 
nucleophiles? Give your reasoning. 
At which positions do quinoline and isoquinoline react most readily with radicals 
and why? 
At which positions do quinoline and isoquinoline undergo nitration and why? 
Write down the most stable tautomers of 1-, 4- and 8-oxyisoquinolines. 
Predict the structures of the mono-nitration product (major) expected to be obtained 
from (i) 1-benzylisoquinoline and (ii) 7-methoxyisoquinoline. 
Write structure of the product obtained when 1,3-dichloroisoquinoline is allowed to 
react with NaCH (CO,Et)s. 
What happens when 1-methylisoquinoline is treated with benzaldehyde in the 
presence of alkali? [C.U. 2011] 
[Hint: See article no. 6.4.3.2] 
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7.1.3 Conformations of Cyclohexane 
and Substituted Cyclohexanes 


INTRODUCTION 


The stereochemistry of acyclic systems has already been discussed but the relation 
between the conformation and reactivity of carbocyclic systems deserves special attention. 
Cyclohexane is the most important carbocyclic ring system on which stereochemical 
studies have been done extensively leading to important conclusions. Because of this, 
a few aspects of conformation and reactivity of cyclohexane and its derivatives are to be 
discussed in this chapter. Due to well-defined conformation of cyclohexane, the influence 
of conformation on reactivity is most easily studied. Most of the reactions of simple 
cyclohexane derivatives are expected to involve a single chair conformation, provided 
the inversion of one chair form to another is restricted by a sufficient large substituent 
(holding or anchoring group) like t-butyl group in suitable position. The differences in 
reactivity of axial versus equatorial susbstituents in chair conformation of cyclohexane 
may be well understood by considering some common reactions. Reactions of cyclohexane 
involving boat or twist-boat conformations do not take place frequently and are known 
only in some special cases. 
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7.1 CONFORMATIONAL ANALYSIS OF CYCLOHEXANES 


Conformation is the spatial arrangement of atoms in a molecule that can be converted 
into another spatial arrangement by rotation about the single bond or twisting of bonds. 
The assessment of the relative thermodynamic stabilities, reactivities and physical 
properties of different conformations of a molecular entity is known as conformational 
analysis. Before going to discuss about the conformational analysis of cyclohexane, we 
have to discuss ring strain and Baeyer strain theory. 


7.1.1 Concept of Ring Strain: Relative Stabilities of Cycloalkanes 


Cycloalkanes (alkanes that contain rings of carbon atom) do not all have the same 
relative stability. From a number of experimental observations it has been suggested that 
cyclohexane is the most stable cycloalkane and that, in comparison, cyclopropane and 
cyclobutane are much less stable. This difference in relative stability is due to what is 
called ring strains. The factors which influence the ring strain of cycloalkanes are angle 
strain (or Baeyer strain), eclipsing (torsional) strain resulting from eclipsing of adjacent 
pairs of C—H bonds, butane-gauche interactions and transannular (across the ring) strain 
arising from steric repulsion between the H atoms on opposite sides of the ring. However, 
the last one is a source of strain in medium rings (C;—C,,). 


[Transannular interactions 
in cyclodecane (C1 9H99)] 


Cyclobutane is found to be less reactive than cyclopropane, while cyclopentane and 
higher homologues are found to be much less reactive than these two. In order to account 
for the above behaviour of three- and four-membered ring compounds vis-a-vis higher 
cycloalkanes Adolf von Baeyer proposed a theory which is known as Baeyer strain theory. 


The main assumptions of Baeyer strain theory, which is based on a purely mechanical 
concept of bonding, are as follows: 
(i) When bond angles deviate from the normal tetrahedral value (109°28’), a strain is 
set up in the molecule. 
(i) All of the carbon atoms constituting a cycloalkane ring exist in the same plane. 
Thus, a cyclopropane ring is an equilateral triangle, a cyclobutane ring is a square 
and other cycloalkane rings are regular polygons. 
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(iii) When these molecules assume the above-mentioned shapes, there occurs deviation 
from the normal tetrahedral angle which causes a lot of strain in the molecule. 
This strain, commonly referred to as angle strain (sometimes called Baeyer 
strain) depends upon the extent of such deviation. The greater the deviation of 
bond angle from the normal tetrahedral value (109°28’), the greater is the strain 
and consequently, less stable (or more reactive) is the ring. However, the sign of 
deviation does not make any difference. 

(iv) Bond angle strain is expressed in terms of deviation of angle d, according to the 
following relationship: 


d= 5 (109°28'-value of the C—C—C angle of the planar ring) 


(In the above expression, the factor : is put because the distortion of bond angle has been 


assumed to be equally shared between the two bonds.) 


Baeyer worked out the deviation from normal bond angle or what is called angle strain 
in various cycloalkanes. Cyclopropane, for instance, has C—C—C bond angles of 60° (the 
internal angle of an equilateral triangle). This implies that the normal tetrahedral angle 
of 109°28’ between any two bonds is compressed to 60°, and that each of the two bonds 


involved is pulled by 5 (109°28'-60°) = 24°44’, This value actually represents the angle 


strain in cyclopropane. Similarly, the C—C—C angle in cyclobutane would be 90° because 
each of the four carbons is situated at the corner of a square. Thus, the angle strain in 


cyclobutane is 5 (109°28'-90") = 9°44’, 


ay 
<i 
fo} 

(op) 


109°28’ 


9°44’ 


Angle of deviation in cyclopropane Angle of deviation in cyclobutane 


The angle strain for cycloalkanes calculated for various ring sizes are displayed in the 
following table. 
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Cycloalkane and C—C—C angle in Angle strain 
its geometry planar ring 


1 
1, | Cyclopropane | = (109°28’ — 60°) = +24°44’ 
(equilateral triangle) /\ 2 
1 
9, | Cyclobutane A — (109°28’ — 90°) = +9°44’ 
(square planar) 2 


1 
3 Cyclopentane 108° — (109°28’ — 108°) = +0°44’ 
| (regular pentagon) 2 


~_T 1 
4 Cyclohexane — (109°28’ — 120°) = -5°16’ 
(regular hexagon) 2 
128°34’ 


Cycloheptane 


1 
— (109°28’ — 128°34’) = -9°33’ 
(regular heptagon) 2 


1 
Cyclooctane a (109°28’ — 135°) = -12°46’ 


(regular octagon) 


It becomes clear from the above data that angle strain decreases from cyclopropane to 
cyclopentane. Therefore, according to Baeyer strain theory, cyclopropane should be 
the least stable cycloalkane and stability should increase gradually from cyclopropane 
to cyclopentane. This is actually found to be so. Cyclopropane undergoes ring-opening 
reactions easily; cyclobutane undergoes ring-opening reactions under drastic conditions 
and cyclopentane does not undergo ring-opening reactions. 


Limitations of Baeyer Strain theory According to Baeyer strain theory, cyclohexane and 
the higher cycloalkanes are expected to be increasingly unstable and hence more reactive. 
Contrary to this prediction, cyclohexane and the higher homologues are found to be quite 
stable. They do not undergo ring-opening reactions. Instead they resemble open-chain 
alkanes in reactivity, i.e., they undergo substitution reaction. The higher cycloalkanes, 
as predicted by the strain theory, are not actually planar; they actually assume puckered 
conformation to minimize their strain. Thus, Baeyer strain theory satisfactorily accounts 
for the reactivity of cyclopropane, cyclobutane and cyclopentane, but it is not at all 
applicable to cyclohexane and the higher cycloalkanes. 


7.1.1.1 Calculation of Ring Strain for Cycloalkanes on the Basis of their Heats of Combustion 
and Comparison of their Stabilities 


The heat of combustion of a compound is the amount of heat released when a compound is 
burned in the presence of excess of oxygen, i.e., the heat of combustion of a compound is, 
in fact, the enthalpy change for the complete oxidation of the compound. 
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The general equation for the combustion of a cycloalkane can be represented as follows: 


(CH,),, + = 10, — nCO, + nH,0 + heat (heat of combustion) 
Cycloalkane 


Since cycloalkanes are not isomeric, therefore, their heats of combustion cannot be 
compared directly. However, the amount of heat evolved per CH, group can be calculated 
and on this basis, the amounts of ring strain can be calculated and the stabilities of 
cycloalkanes can be compared. 


The heats of combustion of some cycloalkanes are given in the following table. 


Heat of combustion 


Cycloalkanes, 


Heat of combustion per CH, 


(CHy),, (keal/mol) group (kcal/mol) 
Cyclopropane 3 499.8 166.6 
Cyclobutane 4 655.9 164.0 
Cyclopentane 5 793.5 158.7 
Cyclohexane 6 944.5 157.4 
Cycloheptane 7 1108.2 158.3 
Cyclooctane 8 
Cyclononane 9 


Cyclodecane 10 1586.0 158.6 
Cyclopentadecane 15 2362.5 157.5 
Unbranched alkane 157.4 


Cyclohexane has the lowest heat of combustion per CH, group (157.4 kcal/mol). This 
amount is same as that of an unstrained long-chain alkane. Therefore, it can be assumed 
that cyclohexane has no ring strain and that it can serve as the standard for comparison 
with other cycloalkanes. Ring strain for other cycloalkanes can be calculated by multiplying 
157.4 kcal/mol by n and then subtracting the result from the heat of combustion of the 
cycloalkane. Thus, the amounts of ring strain of cycloalkanes (CH,),,, where n = 3 to 10 are 
27.6, 26.4, 6.5, 0, 6.4, 10.0, 12.9 and 12.0 kcal/mol respectively. The more the ring strain a 
molecule possesses, the more potential energy it has and less stable it is compared to its 
ring homologue. Therefore, cyclopropane having the greatest amount of ring strain is the 
least stable cycloalkane. Cyclobutane possessing the second largest amount of ring strain 
is somewhat more stable than cyclopropane. Cyclopentane and cycloheptane possessing 
the same modest amount of ring strain are more stable than cyclobutane. Eight, nine 
and ten-membered rings having slightly larger amounts of ring strain are somewhat 
less stable than cycloheptane. The amount of ring strain then falls off with consequent 
increase in stability. 


Cycloalkanes can be classified by size and ring strain as follows: 
(i) Small rings (Cz and C,) having large ring strain 
(ii) Common ring (C; and C,) having little or no ring strain 
Gii) Medium ring (C, to C,3) having little ring strain 
(iv) Large rings (= C,,) having no ring strain 
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7.1.2 Ring Size and Ease of Cyclization 


The ease of ring formation and the stability of the resulting ring do not run parallel. The 
stability of the ring formed is not always reflected by the scale of activation energy and 
this is because some other factors are found to be involved. The most important fact in the 
ring formation from an acyclic system is to bring the two ends of the molecule together 
(within a bonding distance) and statistically the probability is increased with decreasing 
size of the ring and vice versa. It, thus, follows that the entropy of activation plays an 
important role. The larger the size of the ring to be made the greater would be the value of 
entropy of activation. Therefore, from the entropy point of view, smaller rings are easy to 
be formed compared to larger rings. The entropies of ring formation of a few smaller rings 
such as cyclopropane, cyclobutane, cyclopentane and cyclohexane are —32.2, —45.6, —55.6 
and —88.7 Jmol‘ K"!, respectively. Due to greater rigidity of cyclohexane, a sharp drop in 
entropy value compared to more flexible cyclopentane has been observed. An idea about 
the ease of ring formation versus ring stability (taking three- and four-membered rings as 
examples) can be obtained from the following energy diagram. 


TS. 
K 


AGS < AGG 


AG; 


Three-membered 
ring Y 
(less stable but Four-membered ring 
formed easily) (more stable but formed 
with difficulty) 


Free energy — > 
ra 
on 


Acyclic compound 


Kase of ring formation versus stability 


Stability of a ring depends on the strain factors involved. This factor favours the formation 
of five- and six-membered rings more than that of three- and four-membered rings. 
Strain factor becomes unfavourable (more effective as destabilising force) as the ring- 
size becomes seven, eight and nine and then again favourable for larger rings. Due to 
considerable decrease in strain factor, five-membered rings are easily formed from the 
acyclic system compared to six-membered ring. Six-membered ring is almost strainless 
but, due to entropy factor, its rate of formation is slower. 


7.1.3 Conformations of Cyclohexane and Substituted Cyclohexanes 


If the carbon of a cyclohexane ring were placed at the corners of a regular planar hexagon, 
all the C—C—C bond angles would have to be 120°. Because the expected normal C—C—C 
bond angle should be near the tetrahedral value of 109°28’, the suggested planar shape 
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of cyclohexane would have angle strain at each of the carbons and would correspond to 
less stable cyclohexane molecules than those with normal bond angles. Angle strain is 
not the whole story with regard to the instability of the planar form. A planar ring would 
also have torsional or eclipsing strain because the bonds on adjacent CH, groups would 
be eclipsed. 


H H 
H 
HLA 
: H 
H 
H 


Pe 


Torsional strain 


Strained planar form of cyclohexane 
with eclipsed carbons and hydrogens 


Since cyclohexane is a very stable cycloalkane, it must have no angle strain and no torsional 
strain. This can only happen if cyclohexane can assume a nonplanar conformation. In 
fact, cyclohexane overcomes these strains by being puckered to give a conformation that 
is almost completely free of strain. This conformation is called chair conformation. With 
C—C—C bond angles of 111°05’ (close to normal tetrahedral value of 109°28’), the chair 
conformation is nearly free of angle strain. Again, all the C—H bonds are staggered 
(the dihederal angle is 56° instead of 60°) making it free of torsional strain as well. The 
staggered arrangement of bonds in the chair conformation becomes apparent in the 
Newman projection. Furthermore, the distance between the H atom on one carbon and 
that on another carbon of the chair form (249-251 pm) being greater than twice the van 
der Waals radii of hydrogen. Thus, there is no non-bonded interaction, i.e., van der Waals 
(steric) strain in the cyclohexane chair. 


H CH5 H 
‘ 4 
H CH; H 
H H 
Chair conformation Newman projection 
of cyclohexane of the chair conformation 


(all bonds are staggered) 
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7.1.3.1 Axial and equatorial bonds 


In the chair conformation of cyclohexane, all the 12 C—H bonds are not equivalent; 
there are two sets of six bonds. In one set, the six C—H bonds are parallel to the C3 axis 
(three- fold simple axis of symmetry) or S, axis (six-fold alternating axis of symmetry) of 
the cyclohexane molecule or perpendicular to the horizontal plane containing any three 
alternate carbon atoms of the ring. These are called axial bonds and are symbolised as 
‘a’. Three of these axial bonds are directed upward and the other three downward. They 
should all be vertically aligned and alternate up and down all round the ring. The axial 
bond of the upcarbon points upward, while the axial bond of the down carbon points 
downward. In the other set, the six C—H bonds are distributed around the periphery 
(equator) of the ring making an angle of 109°28’ with the Cy axis or +19°28’ with the 
horizontal plane containing any three alternate carbon atoms of the ring. These are called 
equatorial bonds and are symbolised as ‘e’. Three of these are directed upward and the 
other three downward. Each carbon has an axial and an equatorial bond. 


H(a) Cs H(a) 


He) 


H(a)! 


C3 


a He) 
: (e)H ! 
| H(a) (e)H | 
H(a) ot H{a) Equatorial bonds 
Axial bonds (make an angle of 
(parallel to C3) 109°28’ with C3) 


The axial bonds are so designated because they are directed vertically, parallel to the axis 
of the ring and the equatorial bonds are so designated because they are directed outward, 
toward the equator of the ring. 
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Upward bonds are called ‘8 bonds and downward bonds are called ‘o& bonds. Therefore, 
axial bonds may be f-axial or a-axial. Similarly, equatorial bonds are classified as o@ or f, 
when projected downward and upward, respectively. 


7.1.3.2 Boat Conformation of Cyclohexane 


By partial rotations about the carbon—carbon single bonds of the ring, the chair 
conformation can assume another shape called boat conformation. In fact, the boat 
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conformation of cyclohexane can be formed by ‘flipping’ one end of the chair conformation 
up (or down). This may be shown as follows: 


yo Flagpole 
interaction 
H 
H 
H Torsional 
CAR 4 H strain 
pushed up Chair conformation Boat conformation 


A Newman projection of the boat conformation of cyclohexane may be given as follows: 


Torsional ;>H CH *. Torsional 
strain <H CHg H¢’ strain 
H 
~F Wee 
Torsional Torsional 
strain strain 


Newman projection of the 
boat conformation 


Like the chair conformation, the boat conformation of cyclohexane is free of angle strain. 
However, the boat conformation is not free of torsional strain because there is eclipsing 
of two pairs of hydrogens on each set of gunwall carbons (C-2, C-3 and C-5, C-6). Again, 
the two flagpole hydrogens (the hydrogens which point upward from the ends of the 
boat like two flagpoles) on C-1 and C-4 are close enough to each other (which are within 
180 pm, less than twice the van der Waals radius of hydrogen, i.e., 120 x 2 = 240 pm) to 
cause van der Waals repulsion (steric strain). This steric interaction is called ‘flagpole’ 
interaction. Torsional strain and flagpole interactions cause the boat conformation to have 
considerable higher energy (6.5 kcal mol‘) than the chair conformation. 


7.1.3.3 The Ring Inversion (Flipping) of Cyclohexane 


Because of the ease of rotation about the C—C single bonds, cyclohexane rapidly 
interconvert between two stable chair conformations. This interconversion is known as 
ring-flip or ring-inversion. When interconversion between two chair conformation occurs, 
the equatorial bonds become axial and vice versa (or equatorial hydrogen becomes axial 
and vice versa) but directions of the bonds remain unaffected, i.e., ~-bonds remain a (below 
the plane) and B-bonds remain f (above the plane). In addition, up and down carbons 
become down and up carbon, respectively. 
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Equatorial hydrogen 


becomes axial 
Up carbon 


Up carbon 


Down carbon 


‘Ting-flip * Ai 
Down 1 = 
carbon ‘HW 


ial hydrogen aay 
becomes equatorial 


[Since the activation energy for the process of ring inversion at room temperature is very 
low (10.8 kcal/mol), the rate of ring inversion or chair-chair interconversion is very fast 
(~ 10° times/s) at room temperature. The interconversion can be arrested by cooling 
cyclohexane to very low temperature (=100°C). When the NMR spectrum of cyclohexane 
is run at low temperature, two signals are obtained. This indicates two different sorts of 
protons (axial and equatorial).] 


This type of homomeric transformation of one chair form of cyclohexane into another 
equivalent chair form has been given the general name topomerisation. Since axial 
and equatorial hydrogens of two equivalent chair conformations are diastereotopic 
in stereochemical relation, the ring inversion of cyclohexane is specifically called 
diastereotopomerization. 

Two different pathways (chiral C, pathway and achiral o pathway) have been considered 
for ring inversion of cyclohexane chair form and these can be shown as follows: 


= Cy pathway 
2 
3 uy * Dy" Qe 
6 aa, y i 
© Chair 5 Half-chair Half- a 
TS) a ) cs ° Chair H, 
Ha i, H, 
Twist-boat Boat Twist-boat 
Achiral o pathway 
HH, -——— 
Fa 
og ee =F 
= =e = — 
Chair Half-boat Boat He 
(TS.) Half- oe Chair Hb 


(T.S.) 


6 aaa pti eee tens 78 
C, pathway The chair conformer may be twisted to get the half-chair conformation 
(transition state) in which the four carbon atoms lie in a plane and the other two alternately 
above and below the plane. There occurs extensive bond angle deformation accompanied 
with an increase in torsional strain. The half-chair conformation has a C, axis but no o 
plane. Further change leads to the twist-boat conformation which has no angle strain but 
suffers from some torsional strain. It corresponds to an energy minimum and is actually 
a conformer. It leads to the true boat conformation. The boat conformation in its turn 
can go back to the original chair or to the inverted chair with equal facility through the 
enantiomeric twist-boat and half-chair conformations, respectively. This pathway is 
called the C, pathway, since the C, axis of the ground state chair form is retained along 
the pathway. 


o pathway The chair form on twisting produces an envelope-like half-boat conformation 
(transition state) with five of the carbon atoms in a plane and the sixth one either above or 
below it. This conformation has a o plane and so is achiral. It leads directly to an energy 
minimum conformation which is the true boat. The boat conformation in its turn can go 
back to the original chair or to the inverted chair equally well through the equivalent 
half-boat conformation. This pathway is called a o pathway, since both the half-boat and 
the classical or true boat conformations retain the symmetry plane of chair ground state. 
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Inversion coordinate 
Because of the greater stability of the chair, >99% of the molecules are estimated to be in 
a chair conformation at any given moment. 


7.1.3.4 Symmetry Elements in Chair and Boat Conformations 


The chair conformation of cyclohexane has a three-fold simple axis of symmetry (C3 axis) 
and a six-fold alternating axis of symmetry (S, axis). The vertical axis which passes 
through the centre of the chair is a C3 as well as an S¢ axis. In addition, there are three 
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two-fold simple axis of symmetry (C, axis) each of which bisects two opposite bonds, a 
centre of symmetry (i), and three vertical plane of symmetry (o,,) passing through diagonal 
carbon atoms and four H atoms. 


Cy e= carbon atoms 
Centre of | § a i : Sv above the 
symmetry (i) _ C plane of the 
= 7 2 paper 
1 3 0, O= carbon atoms 
C S U Cy, below the 
oe Sy lane of th 
Chair conformation oe the 
of cyclohexane pap 


The boat conformation of cyclohexane has a two-fold simple axis of symmetry (C, axis) 
passing through the centre of the boat and two vertical planes of symmetry (o,) one of 
which is bisecting C-2—C-3 and C-5—C-6 bonds and the other is passing through C-1 and 
C-4, 


1 1) 4 6 5 
fi _8 1 4 
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Boat conformation om 

of cyclohexane 


7.1.3.5 Conformational Analysis of Methylcyclohexane 


Methylcyclohexane has two possible chair conformations (I and II), and these are 
interconvertible through the bond rotations that constitute a ring-flip. In conformation I, 
the methyl group occupies an axial position, while in conformation II, the methyl group 
occupies an equatorial position. 


1, 3-diaxial 
interactions N H 


5, H 
H 8 $y 
x 
4 H 2 
Oe H 11 (95%) 
Axial-methyl conformation Equatorial-methyl conformation 
of methylcyclohexane of methylcyclohexane 


(less stable) (more stable) 
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Studies suggest that the conformation II with the equatorial methyl group is more stable 
than the conformation I with the axial methyl group by about 1.8 kcal/mol. Thus, in the 
equilibrium mixture, the conformation with the methyl group in the equatorial position is 
the predominant one, constituting about 95% of the equilibrium mixture. 


An axial methyl group in methylcyclohexane has one of its hydrogens within 190-200 pm 
of the axial hydrogens at C-3 and C-5 (syn-axial hydrogens). This distance is less than the 
sum of van der Waals radii of two hydrogens (240 pm) and causes van der Waals strain 
in the axial conformation. This type of steric strain, because it arises from an interaction 
between an axial group on carbon atom 1 and an axial hydrogen on carbon atom 3 (or 5), 
is called a 1,3-diaxial interaction. This is also called syn-axial interaction. 


The greater stability of methylcyclohexane with an equatorial methyl group and the 
strain caused by a 1,3-diaxial interaction is the same as the strain caused by the close 
proximity of the hydrogen atoms of methyl groups in the gauche form of butane can be 
well understood through an inspection of molecular models and Newman projections of 
the two conformations. If we make a model of the conformation of methylcyclohexane 
with axial methyl and hold it so that we can sight along the C-1—C-2 bond, we see that 
the methyl group and C-3 of the ring have the same relative positions as the two methyl 
groups in the gauche conformation of butane. This can be shown by a Newman projection. 
If we now sight along the C-1—C-6 bond, we see similar arrangement but with C-5 taking 
the place of C-3. The two butane-gauche interactions are shown separately as follows: 


H 
H : H H H 
H 
H 2 
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= H H LAL H "A 
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Axial methylcyclohexane Newman projection of Butane-gauche 
axial methylcyclohexane interaction (0.9 kcal/mol) 
P in the gauche conformations 
190? xotakion (methyl is gauche to C-3) of butane 
H H H 
H H 
| 3 vwH 
T sdiaxial|,, \,\C._ H H fi, 3diaxia ” 
CH <n EY Ng Tee] | ON 
Axial methylcyclohexane H Hyon 


Newman projection of 
axial methylcyclohexane 
(methyl is gauche to C-5) 
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— 
LAP 


(Two butane-gauche interactions in 
axial methylcyclohexane) 


If we make a model of equatorial methylcyclohexane, and sight along the C-1—C-2 bond, 
we see that the methyl group and C-3 of the ring have the same relative locations as the 
two methyl groups in the anti conformation of butane. This can be well demonstrated by 
a Newman projection. Again, if we sight along the C-1—C-6 bond, we see that methyl and 
C-3 are anti to each other. 


4 H 
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5 CH; _ 
I H, H 
H H 
Equatorial Newman projection of \ 


methylcyclohexane equatorial methylcyclohexane 


(methyl is anti to C-3) anti conformation 
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| 120° rotation no steric interaction 
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methylcyclohexane equatorial methylcyclohexane 
(methyl is anti to C-5) 


Thus, for each 1,3-diaxial methyl-hydrogen interaction there is a butane-gauche 
interaction involving the methyl group and a carbon atom of the ring. For each butane- 
gauche interaction, the energy of the system increases by an amount of 0.9 kcal/mol. The 
axial conformation of methylcyclohexane has two butane-gauche interactions, whereas 
the equatorial conformation has no such interaction. Therefore, the axial conformation is 
higher in energy by 0.9 x 2 or 1.8 kcal/mol than the equatorial conformation. In fact, this 
value is in good agreement with the experimental value of 1.7 kcal/mol. 
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" (less stable) 
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Relative enthalpies of axial and equatorial 
methyl cyclohexane 


7.1.3.6 Conformational Analysis of tert-butylcylohexane 


The relative amounts of the two chair conformers depend on the bulk of the substituent. 
The substituent with greater bulk will have greater preference for equatorial position 
because it will have stronger 1,3-diaxial interactions. Since the tert-butyl group is much 
larger than a methyl group, the 1,3-diaxial interactions are even more destabilising. For 
this reason, tert-butylcyclohexane exists nearly exclusively (99.9%) in equatorial chair 
conformation. The equatorial conformation is favoured over the axial conformation by 
about 20 kJ mol (about 5 kcal mol”). The relative energy costs of placing the methyl and 
tert-butyl groups in an axial position are thus in direct relation to aa sizes. 
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He Nou, (99.9%) 


(much more stable) 


Axial tert-butylcyclohexane (0.1%) 
(much less stable) 


Holding group The tert-butyl group is characterized as a ‘holding group’ because its own 
tendency to be in the equatorial position holds a smaller substituent axial or equatorial, 


depending on whether it is cis or trans. 4-tert-Butylcyclohexyl chloride, for example, could 
exist in four chair conformations I, II, III and IV. 
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cis-4-tert-Butylcyclohexyl chloride H 
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Conformations I and II have the substituents trans to one another, but in I they are 
both equatorial, whereas in II they both are axial. Conformations III and IV have the 
substituents in the cis-relationship, with the tert-butyl and chlorine equatorial and axial, 
respectively, in III, and the reverse in IV. A tert-butyl (group is very large and bulky 
compared to chlorine and considerable steric strain results when tert-butyl is axial. For 
this reason, I and III with tert-butyl equatorial are much more favourable than II and IV. 
That is, in the cis-isomer the tert-butyl group holds smaller chlorine atom axial and in the 
trans-isomer, it holds the smaller chlorine atom equatorial. 


A bulky group which makes the molecule conformationally biased is called an ‘anchoring 
group’. A conformationally biased molecule is called ‘anancomeric’. 


[The conformation with an axial tert-butyl group is so little that chemists say sometimes 
that the conformational equilibrium is ‘locked’. This statement is somewhat misleading 
because it implies that the two conformations are not at equilibrium. The equilibrium 
actually occurs rapidly, but simply contains very little of the conformation with the tert- 
butyl group axial.] 


Conformational free energies (kJ mol) of a few 
substituents in substituted cyclohexanes 


Substituent AG Substituent 
—CH, 7.1 —OC,H; 3.8 
—C,H; 7.3 —NO, 4.6 
—CMe, 24 —OTs 2.1 
—Ph 11 
—C=CH 2.1 —NHCOPh 6.4 
—C=N 1.06 —SH 3.8 
—COOH 5.9 —F 1.05-1.75 
—CO,Et 5.3 —Cl 2.10-2.68 
—OAc 1.5 —Br 2.01-2.10 
—OCH; 2.5 —I 1.97-2.55 


7.1.3.6 Cis-trans Isomerism, Stereochemical Consequences of Ring-flip, and Conformational 
Analysis of Disubstituted Cyclohexanes 


1. Cis-trans isomerism 


Let us consider a typical disubstituted cyclohexane, 1-bromo-2-methylcyclohexane. 


ane 
CH; 


1-Bromo-2-methylcyclohexane 
In trans stereoisomer of this compound, both the bromo and methyl groups assume 
equatorial positions. The compound remains in rapid equilibrium with a conformational 
diastereoisomer in which both the bromo and methyl groups assume axial positions. 
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trans-1-Bromo-2-methylcyclohexane 


Either conformation is called trans-1-bromo-2-methylcyclohexane. The stereochemical 
designation trans is used with cyclic compounds when the two substituents have an up- 
down relationship. It is to be noted that the up-down relationship is not affected by the 
conformational equilibrium. 


In cis stereoisomer of 1-bromo-2-methylcyclohexane, the bromo and methyl groups occupy 
adjacent equatorial and axial positions. This compound is also a rapidly equilibrating 
mixture of two conformational diastereoisomers. In a cis-disubstituted cycloalkane, the 
substituents have an up-up or a down-down relationship. The cis relationship is not 
altered by the conformational equilibrium. 


H down 


naan 
H an H 
down —>H,C 


CH,;<— down 
Br <— down 
cis-1-Bromo-2-methylcyclohexane 


The same definition of cis and trans substitution can be applied to substituent groups also 
in 1,3- and 1,4-positions of a cyclohexane ring. 


It is to be noted that when the substituents in a disubstituted cyclohexane are on chiral 
carbons, the designations cis and trans indicate the relative stereochemical configurations 
of the two clinical carbons, but they say nothing about the absolute configurations of these 
carbons. Thus, there are two enantiomers of cis-1-bromo-2-methylcyclohexane. 
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as | CH; 
(1S, 2R)-1-Bromo-2-methylcyclohexane | (1R, 2S)-1-Bromo-2-methylcyclohexane 


Br 
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|Enantiomers of cis-1-bromo-2-methylcyclohexane 


2. Stereochemical consequences of ring-flip 

The ring-flip has some interesting stereochemical consequences that can be well 
illustrated with diastereiosomeric dimethylcyclohexanes. These are cis-trans isomers of (i) 
1, 2-dimethylcyclohexane, (ii) 1,3-dimethylcyclohexane and (iii) 1,4-dimethylcyclohexane. 


ldo Cgancenenisiy: » Meciiennedey 

(i) cis-1,2-Dimethylcyclohexane: It exists in two energetically equivalent chair 
conformations (I and IT) each of which places one methyl group axial and one equatorial, i.e., 
if one is axial-equatorial (a, e), the other is equatorial-axial (e, a). These conformations are 
non-superimposable on their mirror images, i.e., these are chiral. However, they cannot be 
separated (resolved) because one is the non-superimposable mirror image (conformational 
enantiomer) of the other (this can be observed by rotating the conformation II by an angle 
of 120° around a vertical axis) and are interconverted very rapidly (because of low potential 
energy barrier) by ring-flip at ordinary temperature. Thus, cis-1,2-dimethylcyclohexane 
exists as a nonresolvable dl-pair (a racemic mixture) and as a consequence, it cannot be 
optically active. 
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cis-1,2-Dimethylcyclohexane (non-resolvable) 


trans-1,2-Dimethylcyclohexane: The compound is chiral and it exists as two 
enentiomeric forms (III and IV). However, these two enantiomers cannot be interconverted 
by ring-flip because flipping causes equatorial methyls to become axial methyls. Actually, 
the ring-flip converts each enantiomer into a conformational diastereoisomer; the (e, e) 
conformer becomes the (a, a) conformer and vice versa. Because each enantiomer has 
independent existence, trans-1,2-dimethylcyclohexane can be isolated in optically active 


form (resolvable). 
Enantiomers 
Mirror plane 
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trans-1, 2-Dimethylcyclohexane (resolvable) 
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(ii) cis-1,3-Dimethylcyclohexane: The compound exists in two distinct chair 
conformations: diaxial (a, a) and diequatorial (e, e). These conformational diastereoisomers 
(I and II) are interconvertible by chair flip. Although each of these conformations has 
two asymmetric carbon atoms, neither of them is chiral because each has a plane 
of symmetry passing through C-2 and C-5, i.e., both conformations are meso. cis-1, 
3-Dimethylcyclohexane is, therefore, a rapidly interconverting mixture of two different 
meso conformations and is optically inactive. 


Plane of om 


I(e, e) 


II (a, a) 
cis-1, 3-Dimethylcyclohexane 
(an optically inactive meso compound) 


trans-1,3-Dimethylcyclohexane: In this compound one methyl group is always 
equatorial and the other is axial. This is a chiral molecule (non-superimposable on its 
mirror image) and unlike the case of the cis-1,2-compound, flipping the ring converts the 
molecule , not to its enantiomer, but to a species which is superimposable with the original 
molecule, i.e, they are homomers (topomers). Thus, in this case, the (+) and (—) forms are 
capable of discreate existance. Therefore, trans-1,3-dimethylcyclohexane can exist as a 
resolvable dl-pair (III and IV), i.e. it can be isolated in optically active form. 
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trans-1,3-Dimethylcyclohexane 
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(iii) cis-1,4-Dimethylcyclohexane: In this compound one methyl group is always 
equatorial and the other is axial. Flipping the ring converts the molecule not to its 
enantiomer but to a species which is superimposable with the original molecule, i.e, they 
are homomers (topomers). The molecule has a vertical plane of symmetry passing through 
C-1 and C-4. Therefore, the compound is achiral and optically inactive. 


Plane of symmetry (6) CHs 
passing through C-1 and C-4 ar Hs 
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(homomers) 


cis-1, 4-Dimethylcyclohexane 
(optically inactive) 


trans-1,4-Dimethylcyclohexane: It exists as two non-equivalent chair conformations: 
II(e, e) and III (a, a). Both of them have a vertical plane of symmetry passing through C-1 
and C-4 and a centre of symmetry. Thus, the compound is achiral and optically inactive. 


Plane of symmetry (0) 
passing through C-1 and C-4 
Centre of symmetry (i) 

CH, 


Centre of symmetry (i) 


Ae” maa 
[Conformational diastereoisomers | CH; 
trans-1,4-Dimethylcyclohexane 
(optically inactive) 


Stereochemistry of disubstituted cyclohexanes when the two substituents are 
different 


1. 1,2-Disubstituted cyclohexane When the two substituents in a 1,2-disubstituted 
cyclohexane are different (e.g., 1-ethyl-2-methylcyclohexane), both cis as well as trans 
isomers are resolvable. The trans-isomer exists in the preferred diequatorial (e,e) 
conformation while the cis-isomer in equatorial-axial (e, a) conformation with the bulkier 
group predominantly equatorial. 
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Enantiomers Enantiomers 
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(resolvable) trans-1-Ethyl-2-methylcyclohexane 
(resolvable) 


2. 1,3-Disubstituted cyclohexane When the two substituents in a 1,3-disubstituted 
cyclohexane are different (e.g., 1-ethyl-3-isopropylcyclohexane), both of the cis and 
trans isomers are resolvable. The cis-isomer exists in the preferred diequatorial (e,e) 
conformation, while the trans-isomer in equatorial-axial (e, a) conformation with the 
bulkier substituent predominantly equatorial. 


Enantiomers Enantiomers 
Mirror Mirror 


plane plane . 
7 iPr A: 1 i-Pr 
Et Et! 
i-P 7 3 
(e, @) (e, e) i (e, a) (e, a) 
‘| ‘| 


‘| : ‘| 


: -P . ] 
i i I 1 


3 1 i-Pr 
i-Pr Et ; 3 
(a, a) . (a, a) (a,e) Ht Et (a, e) 
Enantiomers A Enantiomers _4 
cis-1-Ethyl-3-isopropylcyclohexane trans-1-Ethyl-3-isopropylcyclohexane 
(resolvable) (resolvable) 


3. 1, 4-Disubstituted cyclohexane Both the cis and trans isomers of a 1,4-disubstituted 
cyclohexane with two different substituents (e.g., 1-isopropyl-4-methylcyclohexane) are 
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achiral due to presence of a o plane passing through C-1 and C-4. The trans-isomer exists 
in preferred diequatorial (e,e) conformation, while the cis-isomer exists in equatorial-axial 
(e,a) conformation with the bulkier substituent predominantly equatorial. 


4 4 


Me (e, a) (a,e) 4 -pPp (e, e) (aja) i- . 


cis-1-Isopropyl-4-methylcyclohexane trans-1-Isopropyl-4-methylcyclohexane 
(optically inactive) (optically inactive) 


3. Conformational analysis 


Disubstituted cyclohexanes, like monosubstituted cyclohexane, can be subjected 
to conformational analysis. The relative stability of the two chair conformations is 
determined by comparing the 1,3-diaxial interactions (or butane-gauche interactions) in 
each conformation. The relative energies of the various conformations of the cis-trans 
isomers of 1,2-, 1,3- and 1,4-dimethylcyclohexane may be determined as follows: 


cis-1,2-Dimethylcyclohexane: Its two chair conformations (each containing one 
axial and one equatorial methyl group) have the same energy. Each of them has three 
butane-gauche interactions (two originate from two Me/H 1,3-diaxial interaction and one 
originates from two gauche methyl groups) and therefore, its instability (strain energy) 
amounts to 3 x 0.9 = 2.7 kcal/mol (11.2 kJ/mol). 


|: rE < H<—— CH ip ‘wesc between 
) two ‘wesc methyl 
groups 
p) 
(a,e) NS 


cis-1,2-Dimethylcyclohexane 
having three butane-gauche 
interactions 


trans-1,2-Dimethylcyclohexane: Its diaxial conformation has four butane-gawche 
interactions (originate from four Me/H 1,3-diaxial interactions) and its diequatorial 
conformation has only one butane-gauche interaction (originate from two gauche methyl 
groups). The diaxial conformation is destabilized by an amount of 4 x 0.9 = 3.6 kcal/mol 
(15.12 kJ/mol) and the diequatorial conformation is destabilized by an amount of 0.9 kcal/ 
mol (4.2 kJ/mol). Therefore, the diequatorial conformation is more stable than the diaxial 
conformation by an amount of 3.6 — 0.9 = 2.7 kcal/mol and because of this, the trans- 
isomer exists almost entirely (99%) in the diequatorial (e,e) form at room temperature. 
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1 H wH 
“cH, 
H; ay 
CH, 7 2 
(e, er ° an 
One butane-gauche H 
interaction aa) CHs 
(more stable) Four butane-gauche 


interactions 
(less stable) 
trans-1, 2-Dimethylcyclohexane 
trans-1, 2-Dimethylcyclohexane is more stable than its cis-isomer, because both methyl 
groups are equatorial in the more stable conformation of the former, while one methyl 
group must be axial in the cis-isomer. 


cis-1,3-Dimethylcyclohexane: Its diaxial conformation has two butane-gauche 
interactions and one syn-diaxial interaction between the two axial methyl groups. One 
Me/Me 1,3-diaxial interaction imparts 3.6 kcal/mol. Thus, the instability of this 
conformation amounts to (2 x 0.9 + 3.6) = 5.4 kcal/mol (22.7 kJ/mol). The diequatorial 
conformation, on the other hand, has no additional interaction arising out of equatorial 
methyls. Therefore, it is very much stable than the diaxial form and as a consequence, the 
compound exists nearly exclusively in the diequatorial form. 


1 
CH; 
ey 
— 
CH3 3 | 1 


(e, e) 
No additional butane- | a 


gauche interaction Two butane-gauche and 
(more stable) one Me/Me syn-diaxial interactions 


(less stable) 
cis-1,3-Dimethylcyclohexane 


trans-1,3-Dimethylcyclohexane: It has two butane-gauwche interactions due to one 
axial methyl group. Its instability amounts to 2 x 0.9 = 1.8 kcal/mol (7.56 kJ/mol). 


1 


3 
CH; 

Two butane-gauche interactions 

in trans-1,3-dimethylcyclohexane 
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cis-1,3-Dimethylcyclohexane is more stable than trans-1,3-dimethylcyclohexane because 
both methyl groups are equatorial in the more stable conformation of the cis-isomer, while 
one methyl group must be axial in the trans-isomer. 


cis-1,4-Dimethylcyclohexane: It has two butane-gauche interactions due to one axial 
methyl group. Its interaction energy amounts to 2 x 0.9 = 1.8 kcal/mol (7.56 kJ/mol). 


hee 7 
H<—” 


ul 


H3C 
: a, e) 
Two butane-gauche interactions 


in cis-1,4-dimethylcyclohexane 


trans-1,4-Dimethylcyclohexane: Its diaxial conformation has four butane-gauwche 
interactions. Thus, its instability amounts to 4 x 0.9 = 3.6 kcal/mol (15.1 kJ/mol). The 
diequatorial form, on the other hand, has no additional butane-gauwche interaction. Hence, 
it is much more stable than the diaxial form and as a consequence, the compound exists 
almost exclusively in the diequatorial form. 


H3C\4 = 


(e, e) 
No additional butane ul ______—__ > CH; 
-gauche interaction 


(more stable) . : 
Four butane-gauche interactions 


(less stable) 
trans-1,4-Dimethylcyclohexane 


trans-1, 4-Dimethylcyclohexane is more stable than its cis-isomer because both methyl 
groups are equatorial in the more stable conformation of the trans-isomer, while one 
methyl group must be axial in the cis-isomer. 
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Chirality and strain energy of various dimethylcyclohexanes can be seen at a 
glance in the following table: 


Dimethyl- Conformations Optical activity Strain energy 
cyclohex- (orientation of 
ane bond) 
cis-1,2- (ea) —-* (a,e) | Optically inactive H<«—_y» 
: yy ? CH 
tConformational_t (non-resolvable H<—>s 
enantiomers dl-pair) CH 
(both up or both (a,e) . 
down) 3 x 0.9 = 2.7 kcal/mol 
trans-1,2- — Resolvable ZH 
(e,e) (a,a) f AN Ho 
One enantiomer H 
(one up and one CH, 
down) (ae) 2 a 
0.9 kcal/mol Ha CH; 
4 x 0.9 ='3.6 kcal/mol 
cis-1,3- — Optically inac- Ht 
| eee Neos 
t_Conformationalt Ee TLESO= CHS], 
diastereoisomers | Compound having LA 
(both up or both a o-plane) H;C 4 CH; ; 3 
down) (e,e) (a,a) 
No additional 2x 0.9 + 3.6 (for Me/Me) 
butane-gauche = 5.4 kcal/mol 
interaction 
t -1,3- —w Resolvabl H 
rans-1, (e, a) (a, e) esolvable eae : 
One enantiomer H<—>CH; 
(one up and one 1 
down) 
CH; 
(a,e) 
2x 0.9 = 1.8 kcal/mol 
cis-1,4- (a, e) — (e, a) i sa ah H — CH, 
LIdenticalt CEane ‘ 
(both up or both 
down) H3C. 
= (a, e) 
2 x 0.9 = 1.8 kcal/mol 
trans-1,4- (e,e) _—* (a,a) | Optically inactive Hes 
t_Conformational_t | ‘Plane and cen- 
diastereoisomers | tre of symmetry) . HC 
(one up and one : CH; 
down) | (e, e) 
CHAZH No additional 
(a, a) butane-gauche 
4x 0.9 = 3.6 kcal/mol interaction 
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To CM SOLVED PROBLEMS TO 


1. Calculate the equilibrium constant (K,,) at 25°C for the equilibrium: 
axial methylcyclohexane —— equatorial methylcyclohexane (the energy 
difference between the axial and equatorial conformations is 1.8 kcal mol", 
i.e., AH = -1.8 kcal mol!) and using that value calculate the percentage 
composition of the mixture. 


Solution Since AS for the chair-chair interconversion is very small (1 mol == 1 mol), 

AG = AH. Hence, AG = —1.8 kcal/mol = —1800 kcal/mol. AG is related with K,, as follows: 
AG = —2.303 RT log K,, 

Ae —1800 = —2.303 (2.00 cal/mol K) (298 K) log K,, 

Hence, log K,, = 1.318 and K,, = 20.6 


_ [equatorial conformation] 20.6 
eq 


Now, - - = 
[axial conformation] 1 


“. % of the equatorial conformation 
[equatorial conformation] 


_ x 100 
[equatorial conformation] + [axial conformation] 
(20.6 + 1) 


.. % of the axial conformation = (100 — 95) = 5 
2. Predict the most stable conformation of cis-1,4-di-¢-butylcyclohexane. 


Solution Either of the two chair conformations of cis-1,4-di-t-butylcyclohexane in which 
a bulky tert-butyl group occupies an axial position is very much unstable due to excessive 
steric interactions (1,3-diaxial interactions). To get rid of this steric strain, the molecule 
assumes a more stable twist-boat conformation in which the two tert-butyl groups are so 
placed that the strain is minimized. 


H t- _—— groups are wie 
HgC._ 
H,C\€ —a 
CHs i y XY" 
Severe steric HC J CHs 
CONCH You, 
Chair conformationCHs See boat conformation 
(less stable) (more stable and strongly preferred) 


3. Although the -OH group is not so bulky, cis-1,4-cyclohexanediol exists 
preferably in twist-boat conformation. Explain. 


Stereochemistry of Alicyclic Compounds 7.27 


Solution In the twist-boat conformation of cis-1,4-cyclohexanediol, the two hydroxyl 
groups are within hydrogen bonding distance. Because of this, this conformation is sta- 
bilized by intramolecular hydrogen bonding. In fact, it is more stable than the chair con- 
formation (e, a) which suffers from 1, 3-diaxial interactions and for this reason, this diol 
exists preferably in twist-boat conformation. 


H 
“Hef OH o-H--.9-H 
H sz H. H 
HO an 
H 
Chair conformation Twist-boat conformation 
(less stable) (more stable) 


4, It is a general rule that any susbstituent is more stable in an equatorial 
position than in an axial one. However, 5-hydroxy-1,3-dioxane prefers to 
exist in axial conformation. Explain. 


Solution Due to absence of axial hydrogens at 3-positions, the axial conformation of 5-hy- 
droxy-1,3-dioxane does not suffer from 1,3-diaxial interactions. In fact, this conformation 
is stabilized by intramolecular hydrogen bonding involving the ring O atoms. For this 
reason, this dioxane prefers to exist in the conformation with the -OH group axial. 


Hydrogen ac 
PSN ~H O _| Hydrogen! 


—= [ houd 


H 


H 
Equatorial conformation Axial conformation 
(less stable) (more stable) 


5. Draw the chair conformation of cis-1,3- and _  trans-1,4-di-tert- 
butylcyclohexane and indicate the more stable one in each case. 


Solution The chair conformations of cis-1,3- and trans-1,4-di-tert-butylcyclohexane can be 
drawn as follows: 


a 
Cy, —— 
(CH, > 
x" CHs, 


HC ae Fi3C' spond CH3 
(e, e; more stable) H.C Severe syn-diaxial 
3 interaction between 
(a, a; less stable) two tert-butyl groups 


cis-1,3-Di-tert-butylcyclohexane 
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7 HON, -CHEH 
H3C, NCH ae “AH 
H3C a C7, 4 
Hc’ gh = 4 
: H H 
(e, e; more stable) H 1 
Fes kn CH, 
Hc CON 


(a, a; less stable) 
trans-1,4-Di-tert-butylcyclohexane 


The diequatorial conformations are much more stable than the diaxial conformations 
which are very much destabilized by severe steric interactions involving two axial and 
very bulky tert-butyl groups. 

6. Draw the chair conformations of five diastereoisomeris forms of 
1,2,4,5-tetramethylcyclohexanes and comment on their stability and 
chirality. 

Solution The stable chair conformations of five diastereoisomeric forms of 
1,2,4,5-tetramethylcyclohexanes may be drawn as follows: 


- Me Me Me 
e 
Meo L~JnMeme Me wre Me M 
e Me 
I M Me Me Me 
e mM 
aaa Ill tv Me Me v 


Configurational diastereiosomerI It has only two butane-gauche interactions. It is an achiral 
form having a plane of symmetry (0) (passing through C-3 and C-6) along with a centre 
of symmetry (i). This on ring inversion produces a highly unstable chair conformation 
(conformational diastereoisomer). 


Centre of symmetry 


H H 
y’ Me e _ Me Me 
Me > ( 5 
e€ Me Me 
H I H 


(Achiral/two butane-gauche) 


Configurational diastereoisomer II It has four butane-gauche and one _ syn-diaxial 
interaction between two methyl groups. It is an achiral isomer having a plane of symmetry 
passing through C-3 and C-6. Flipping of II gives a diastereoisomeric highly unstable 
chair conformation. 
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5 1 H 4H 
S Me 
Me a Hee ye ed 
—~ ) = Sp te 
4 e H e 
Mes $Me Ease 


(Achiral/four butane-gauche and one Me/Me) 


Configurational diastereoisomer III It is a chiral system and has four butane-gauche 


interactions. 
H H<{,*Me 
M He 
- = Ak cy Koike 
(6 = (sae 
Me Me H 


in H a H 
(Chiral/four butane-gauche) 


Flipping of II gives a diastereoisomeric highly unstable chair conformation. 


Configurational diastereoisomer IV It is a chiral molecule and can be resolved into two 
enantiomers. It has five butane-gauche interactions. Ring inversion gives equivalent 
(superimposable) conformation. 


H~yy2Me 
Me Cy A 
Ce aA, 
H<H>Me 


IV 
(Chiral/five butane-gauche) 


Configurational diastereoisomer V The molecule, having a centre of symmetry, is achiral. 
It has six butane-gauche interactions. Ring inversion gives equivalent (superimposable) 
conformation. 

Centre of 


iM symmetry H< HeMe 


Me Med, 


(Achircal/six butane-gauche) 


7. In cis-2-methyl1-5-tert-butyl-1,3-dioxane (I), the conformation with tert- 
butyl axial is more favoured than the conformation with fert-butyl 
equatorial. Explain this observation. Predict the favoured conformation 
for trans-2-methy]-4-tert-buty]-1,3-dioxane (II). 
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Solution The two chair conformations of cis-2-methyl-5-tert-butyl-1,3-dioxane (I) may be 
shown as follows: 


cis CMe; 
Me3C 2—O, Me 
sk o? = O — omc 
H 4 3H Me3C A O Hs 
J (Less stable) (More stable aaa favoured) 


The conformation A is destabilized by the syn-axial interactions between CH, and H’s 
at C-4 and C-6. The bulky tert-butyl group assumes an axial position in conformation 
B. Nevertheless, it is free of syn-axial interaction because 1,3-syn-axial positions are 
now occupied by oxygen atoms having lone pair of electrons which have a smaller steric 
requirement than the C—H bonds. Therefore, this configuration is relatively stable and 
the favoured one. 

The two chair conformations of trans-2-methyl-4-tert-butyl-1,3-dioxane (IIT) may be drawn 
as follows: 


H 
0 Me ye 
5 H P 2 = oF 
4 H Me 
CMe; CMe 7 
II 
(More stable and favoured) a ran 
H3C 


a 
(Less stable) 


Both the chair conformations (C and D) are destabilized by syn-axial interactions. 
However, the interaction involving the larger tert-butyl group is much stronger than the 
interactions involving the smaller methyl group and because of this, the conformation C 
is much more stable than the conformation D and consequently, it is the favoured one. 
8. What factors make the cyclohexane ring the most stable, abundant and 
important ring structure in organic chemistry? 


Solution Cyclohexane would not be stable if it had a planar hexagonal ring and this is 
because in that shape it suffers from angle strain (bond angles of 120°, considerably larger 
than 109.5°) and eclipsing strain (from the six pairs of C—H bonds). Cyclohexane over- 
comes these strains by being puckered to give two rapidly equilibrating chair conforma- 
tions in which it achieves nearly tetrahedral angles with no angle strain and it eliminates 
eclipsing strain because all C—H bonds are staggered. 
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9. Whichoneisthemoststable conformation of 1-methyl-1-phenylcyclohexane 
and why? 


Solution The possible chair conformations of 1-methyl-1-phenylcyclohexane are as given 
below: 


CH; H H 
Ila 4 IIb CH; 


The conformational free energy of the phenyl group is 2.87 kcal/mol and that of the methyl 
group is 1.70 kcal/mol. Therefore, the equatorial phenyl-axial methyl conformation (Ila or 
IIb) is expected to be the preferred one. In fact, the conformation I with axial phenyl and 
equatorial methyl is the preferred one (by 0.32 kcal/mol). In conformation IJa in which 
the phenyl group remains in the same vertical plane passing through C-1 and C-4 of 
cyclohexane chair, a steric interaction develops between the axial methyl group and one 
of the ortho-hydrogen atoms of the phenyl group. Again in conformation Ila, where the 
phenyl group exists in nearly the same average plane (which bisects each C—C bond) of 
the cyclohexane chair, a severe steric strain develops between the equatorial hydrogens 
at C-2, C-6 and ortho hydrogens of the phenyl group. This type of steric interactions are 
absent in conformation I. The phenyl group in it is so oriented that it interacts minimally 
with the axial hydrogens at C-3 and C-5. Therefore, the conformation I is the more stable 
and preferred conformation of 1-methyl-1-phenylcyclohexane. 
10. Although the size of iodine is larger than chlorine, the conformational 
free energy values of Cl and I atoms are almost identical. Explain this 
observation. 


Solution Since iodine atom is larger in size than the chlorine atom, the C—I bond is 
longer in length compared to the C—Cl bond and this causes the I atom to remain much 
away from the syn-axial hydrogens at C-3 and C-5 compared to Cl. Thus the steric interac- 
tion which is expected to be increased on going from chlorine to iodine is compensated by 
simultaneous increase in distance between the syn-axial hydrogen atoms and the halogen 
atom. Because of this, the conformational free energy values of Cl (2.68 kJ mol!) and 
I (2.55 kJ mol) are almost identical, even though the size of iodine (atomic radius = 
1.33 A) is larger than that of chlorine (atomic radius = 0.99 A). 


Chlorocyclohexane Iodocyclohexane 
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[The difference in free energy between an equatorial and an axial conformation is known 
as the conformational free energy (-AG°, or A-value) of the substituent (R) and determines 
the equatorial preference of R.] 

11. Ingaseousstate, the diaxial conformation oftrans-1,2-dibromocyclohexane 
is much more stable than the diequatorial conformation (a,a: e,e = 95: 5). 
However, in benzene both the conformations are nearly equally stable 
(a,a : e,e = 52 : 48). Explain these observations. 


Solution In the diaxial conformation of trans-1,2-dibromocyclohexane, the two dipoles are 
oppositely placed (@ = 180°). So, its dipole moment is nearly zero and there is no electro- 
static repulsion between them. However, it is slightly destabilized by 1,3-diaxial interac- 
tions. In the diequatorial conformation, on the other hand, the two dipoles are oriented 
at a dihedral angle of 60°. So, there is considerable electrostatic repulsion and because of 
this, it is much destabilized compared to the diaxial conformation. In the gaseous state, 
the molecules remain much separated from each other, and so, there operates no inter- 
molecular forces (dipole-dipole interaction) which may stabilize the diequatorial form. As 
a result, the more stable diaxial conformation exists predominantly (95 : 5). However, in 
benzene solution, the molecules come much closer to each other and as a consequence, the 
electrostatic repulsion between the two dipoles in the diequatorial form is minimized due 
to intermolecular dipole-dipole attraction. Because of this, the two conformations become 
nearly equally stable and remain almost equally populated (52 : 48). 


trans-1,2-Dibromocyclohexane: 
In gaseous state: 


eee a " H 
1A iP 
j if H 
H 
We Br 


Less stable (e, e) 


Morextabisa:s) conformation (5%) 


conformation (95%) 
In benzene solution: 
Br eee 4 gee L ed eg 
en = og Br 
Yer 


(a, a) conformation (52%) (e, e) conformation (48%) 
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How can the dipole moment (UU) values be used to distinguish between: 
(i) the diastereoisomeric 1,2-dichloro-4-tert-butylcyclohexanes (A and 
B) and (ii) the diastereoisomeric 2-chloro-4-tert-butylcyclohexanones 
(C and D)? 


Cl O 
Lar 
Me3C Me3C Cl Me3C Cl Me; 
Cl Cl 
A B € D 


Solution 


(i) 


(ii) 


13. 


Due to presence of the very bulky equatorial —CMe, group at C-4, A and B are 
anancomeric (flipping restricted) system. In A, the two C—Cl bond moments nearly 
cancel each other. Consequently, its resultant dipole moment value will be less 
than that of B in which the two C—Cl bond moments are separated by a dihedral 
angle of 60°. Therefore, the y value of the isomer B will be higher than that of the 
isomer A and thus, they can be easily distinguished by their dipole moment values. 


ia 
LN 
Me3C ; Me;C ae 
‘A Cl 


(less polar) (more polar) 
Due to the same basic reason, C and D are also anancomeric systems. Unlike the 
isomer D, the C=O and C—Cl bond moments in C operate approximately in the 
same direction. Consequently, C must have higher dipole moment than D and 
thus, they can be easily distinguished by measuring their dipole moment values. 


a Z0 
(Hc > Up) 
er Me,C f 
Cl 
C D 


(more polar) (less polar) 


The two chair conformations of frans-2-chlorocyclohexanol are equally 
populated—Comment on this observation. 


Solution The diequatorial conformation of trans-2-chlorocyclohexanol is stabilized by in- 
tramolecular hydrogen bonding, but destabilized by the electrostatic repulsion between 
the two dipoles. On the other hand, the diaxial conformation is somewhat destabilized by 
1,3-diaxial interaction, even though it has the advantage of the absence of electrostatic 
repulsion between the two dipoles. A compromise is reached and the two conformations 
are found to be almost equally populated. 
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= t: 
il 
my 
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a 
[ 
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OH Hie Diequatorial conformation H 
Ho OH 


Diaxial conformation 
trans-2-Chlorocyclohexanol 


14. Explain the following observations: 
(a) cis-5-tert-Butyl-2-methylcyclohexanone undergoes isomerization to 
yield the frans-isomer in the presence of a base. 


H H 
! O = 0) 
io) d 
(b) OEt?/EtOH 
H H 
cis-2-Decalone trans-2-Decalone 
Solution 


(a) In the cis-isomer of 5-tert-butyl-2-methylcyclohexanone, the bulky —CMe, group 
(the anchoring group) holds the —CHg group axial and as a consequence, it suffers 
from 1,3-diaxial interactions. In the trans-isomer, on the other hand, the equatorial 
—CH, group is too far to experience any appreciable steric interaction with 
C=O and also eclipsing of —CH, and C=O is electronically favourable. Therefore, 
the trans-isomer is relatively more stable than the cis-isomer and because of this, 
when treated with a base, the cis-isomer is isomerized to the trans-isomer through 
the formation of an intermediate enolate ion. 


HO {Ae 


Bea rf B_s MesC Ome,C Me, O 
a = e ) <> —= ‘Be 
H<—>Me “ile Me Me 
ES enolate ion HUB® ee H 
cis-5-tert-Butyl-2- trans-5-tert-Butyl-5- 
methylcyclohexanone methylcyclohexanone 
(less stable) (more stable) 


(b) Incis-2-decalone, a large group is axial. So, because of 1,3-diaxial interactions, it is 
thermodynamically less stable than trans-decalone in which no large group is axial. 
For this reason, whencis-2-decaloneis treated with a base, it becomes converted to the 
more stable trans-2-decalone through the formation of an intermediate enolate ion. 
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Pee aed Becca ce seein det a a Actes tts essa Beth git ca escapee ener 
H 
~L, ; 

= LOD Le 

("" 
cis-2-Delalone EtOH 

a large group 

axial 
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re 


| 
trans-2-Decalone 
compounds 


(no large group axial) 
y : Me Me«. “My 


15. Draw the more and less stable conformations for each of the following 

Me, 

7 Uf 

(a) rn In, 
Me 

Solution 


yMe 
\ 
(c) 
Me; 

HCMe, 
(a) The more stable conformation is that in which maximum number of substituents 
are equatorially placed. 
Down>Me ;, 

My 


Up 
Down Me~ 
i wMe y : 
Tie BEXT, 
a Down 
p 
“Me 


Me 
(b) 


= 


Down Me 

More stable conformation M 

. Me 

Less stable conformation 
The more stable conformation is that which places the bulkier tert-butyl group 
axial and that is because it does not suffer from 1,3-diaxial interactions 

7 
tO Oe Down 


mE VA Ly 
Down CMes 


More stable conformation an stable euation 


ny, 


a. 
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(c) The more stable conformation is that which places the bulkier isopropyl group 


equatorial. 
CHMe, 
ae 
i — ss 
Down 
Up—CHMe, Down—Mc Less stable Pere 


More stable conformation 
16. Draw the chair conformations of (1S, 3R)-3-ethyl-1-chlorocyclohexane. 
Predict whether it is a cis or trans-isomer. 


Solution The two chair conformations of (1S, 3R)-3-ethyl-1-chlorocyclohexane are as 
follows: 
CyHs 


3[R 
veo Se ; VA 


[The absolute configurations of the asymmetric carbons remain unchanged on ring 
inversion. | 


In this disubstituted cyclohexane one bond is pointing upward and the other downward. 
Therefore, it is the trans-isomer. 
17. A planar structure does not convey any conformational information. 
Explain with an example. 


Solution So long as all conformations are viewed from the same face of the ring, flipping 
does not interchange wedges and dashed lines because it does not change the up or down 
relationship of the ring substituents. For example, both the conformations of 1-bromo-3- 
fluorocyclohexane can be represented by single planar structure. 


viewer 


c- a a viewer el 
=< \ : 3 — : 


Br F Br 
Thus, a planar structure does not convey any conformational information. 
18. Give an example of pseudorotation. 


Solution The term pseudorotation is used to describe a variety of conformational changes 
in cyclic systems which are low-energy processes and do not involve bond angle variations 
but only changes in torsional strain and other non-bonded interactions, as in the trans- 
formations of the flexible forms of cyclohexanes (but not the chair-chair interconversion) 
such as follows: 
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Chair form Boat form 
of cyclohexane of cyclohexane 


[_ti(“(‘STW..VVVVVVVCVCVCVCVCLU©6©mS6mTUDYPROBLEMSD.h6UTULULULULULUUUCC~C~CC‘«Y; 
1. Predict the more stable conformation of trans-1,3-di-tert-butylcyclohexane. 


2. Determine whether each of the following compounds is a cis-isomer or a trans- 
isomer. 


Br F 
(a) Oe) (b) eas) (c) a, 
H,C CH, Me3C 


CH; 

Et Me Cl 

(g) en (h) Ly] 
Br 
3. Identify the more stable stereoisomer in each of the following pairs and give your 

reasoning: 

Me Me Me 
» CY.» 

Mn, 
“Me 
e 


wMe 
\ - Ay 

Me 

M nN ° 

Me 

e 


M 


r 
Me Me 
(b) baa or 
“Me 
( c) or 
Lz + Me 
Me 


4, Thedipole moment oftrans-1, 3-dibromocyclobutane is 1.1 D. Explain why a nonzero 
dipole moment suggests a puckered structure rather than a planar structure for 
this compound. 

5. Explain the observation that A forms intramolecular hydrogen bond, while B forms 
only intermolecular hydrogen bond. 


10. 


11. 


12. 
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Even though the methyl group occupies an equatorial position, the conformation 
shown is not the most stable one for methylcyclohexane. Explain. 


H H 
H oH LH 
H 
CH 
H 4 H\ 
H 
H yw oH 


Identify the more stable stereoisomer in each of the following pairs, and give the 
reason for your choice. 

(a) cis- or trans-1-Isopropyl-2-methylcyclohexane 

(b) cis- or trans-1-Isopropyl-3-methylcyclohexane 

(c) cis- or trans-1-Isopropyl-4-methylcyclohexane 

One stereoisomer of 1, 1, 3, 5-tetramethylcyclohexane is 15 kJ mol! (3.7 kcal mol”) 
less stable than the other. Which isomer is less stable and why? 

Which is the most stable pyranose conformation of the following carbohydrate (a 
component of a drug used in veterinary medicine)? 


wOMe 
AS 
fork 
HO Me 
OMe OMe 
0 Ne 6 
(a) (b) 
Me OH OH 
Me O 
O MeO 
(c) MeO (a) WA 
eae | OH 
Me 


cis-1, 2-Dibromocyclohexane represents a chiral molecule but it cannot be resolved. 
How can you explain this observation? 

(1R, 2S)-1,2-Dimethylcyclohexane on ring inversion remains (1R, 2S)-1, 
2-dimethylcyclohexane, yet one is the mirror image of the other. Explain with 
chair conformation. 

What is the most stable conformation of trans-1,3-di-tert-butylcyclohexane? Give 
reasons in favour of your answer. 


POP se SLL N A stl Cals LL rr ree ae ene eee ete ene ere e ee ee ae aeRO 

13. What product is expected to be obtained when 1,2-dimethylcyclohexene is subjected 
to catalytic hydrogenation (H,/Pb)? Is the compound chiral and resolvable? 

14. What do you mean by inversion of chair conformation of cyclohexane? What are the 
two pathways through which such an inversion is possible? 

15. In 66% aqueous DMF, the trans-isomer of 4-tert-butylcyclohexanecarboxylic acid is 
found to be more acidic than its cis-isomer. Explain this observation. 

16. Suggest a reason why the energy difference between conformations of 
ethylcyclohexane is about the same as that for methylcyclohexane, even though 
the ethyl group is larger than a methyl group. 

17. For the following molecule, draw its enantiomer as well as one of its diastereoisomer. 
Designate the (R) and (S) configuration at each chiral centre. 

Br 


CH, 


Cl 
18. Explain the following observations: 
(a) Itis more difficult to prepare an acetal of the Compound I than the Compound 


II. 
Me«,, O --OH Me~,, O 
My 7, 
i 
(slow) 
Me 
I 
Mem, O me Me«~, ™m 
Cs ae 
: (fast) 
Me Me 
II 
(b) The Compound III forms the acetal IV but not V. 
HO“, HO, PhCHO a aa, 
L (pes YD J H® O 
4 | Ho | ~~ | 
OH OH 
Il IV 
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(e, e) (a,a) Br 


Which of these two conformations is more stable in methanol (CH;0H) and in 
n-octane? Explain. 

{[Hint: In nonpolar solvent n-octane, the diequatorial form, although favoured 
sterically is destabilized by dipole repulsion (CBr dipoles are gauche to each 
other). Consequently, the diaxial form is more stable. On the other hand, in polar 
solvent methanol (dielectric constant is much higher), the dipole repulsion in the 
diequatorial form is minimized by the intermolecular dipole-dipole attraction. 
Therefore, the sterically favoured diequatorial conformation is more stable in 
methanol.] 


7.2 CONFORMATION AND REACTIVITY IN CYCLOHEXANES 


Pioneering investigations concerning the effect of conformation on chemical reactivity 
have been carried out by Barton (1950). It is convenient to divide these effects into two 
kinds: (a) Steric effect and (b) Stereoelectronic effect. 


7.2.1 Steric Effect 


By steric effects we mean effects due to close approach of two groups in a molecule or 
between molecules such that appreciable van der Waals repulsive forces are called into 
play. Such effects may occur in the ground state of a molecule, or in the transition state 
for a given reaction, or both. van der Waals repulsive interactions can become quite large 
if the non-bonded distances are sufficiently short. However, it must be remembered that 
the van der Waals interactions can also be attractive but its effects are quite small and 
depend largely on the separating distance between the interactive groups. For the sake 
of simplicity, we shall, in the following discussion, assume that the effects are repulsive. 


Two kinds of situations may arise. Steric effects can accelerate or decelerate reaction 
rates. When the reaction rate is slowed down due to steric effects, then it is called steric 
hindrance. This situation is very familiar in many reactions including the reactions in 
cyclohexanes. In the case of steric hindrance, repulsion is substantial in the transition 
state and small or absent in the ground state. Compared to a reference case, the activation 
energy in this situation is increased because the energy level of the transition state is 
more raised than that of the ground state. As a result, the reaction rate is slowed down. 
In some other cases, the steric repulsion is more important in the ground state than in the 
transition state and for this, the energy level of the ground state is elevated more than 
that of the transition state. Thus, the activation energy for the reaction is decreased and 
the rate of the reaction is accelerated relative to the reference case. When, the rate of a 
reaction is increased due to steric effects, than it is called steric assistance. Steric effects 
are very much pronounced in S,2 displacement reactions and E2 elimination reactions. 
The situations of steric hindrance and steric assistance can be depicted in Fig. 7.1. 
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A | AAGES AAG? eee Transitien state (TS) 
Y________. Transition state {A4G* < 4aG 
i soa of ne A ee es ae of : 
steric hindrance Reference reactio steric assistance 
+ |with no steric AG# 
AG, hindrance or B 
steric assistance AGt 
Se eee) Cee 
Ground state 
et eee ee aes 
Ground state 4 AAG? 
eee 2 Wt 7 


Ground state 
(a) In the situation of “steric hindrance” : AG* > AG 
(b) In the situation of “steric assistance” : AGE < AG* 


Fig. 7.1 Steric hindrance and steric assistance 


7.2.2 Stereoelectronic Effect 


According to Deslongchamps, stereoelectronic effect is an effect on reactivity caused by 
the spatial disposition of specific electron pair (bonded or nonbonded) within a reactant 
molecule. In many cases, these are electron pairs in bonds that are formed, broken, or 
otherwise displaced in the reaction under investigation. In some other cases, these are 
unshared pair of electrons in the valence shell of exocyclic or endocyclic heteroatoms. 
Stereoelectronic effects are very much pronounced in S,2 and E2 reactions. By applying 
the concept of stereoelectronic effects, it becomes possible to acquire knowledge of the 
transition states of many organic reactions. 


Cyclohexane is a unique compound in the sense that in spite of having a cyclic structure, it 
can assume a very stable chair conformation in substituted cyclohexane under a variety of 
reactions. Stereoelectronic effects on reactivity in various reactions of cyclohexanes have 
been discussed in this chapter. 


E2 reaction The stereoelectronic requirement of an E2 process is that the groups to be 
eliminated should be antiperiplanar (i.e, conformationally trans to one another with a 
dihedral angle of 180°) and not syn-periplanar (i.e., conformationally cis to one another 
with a dihedral angle of 0°). 


Anti-periplanar conformation Syn-periplanar conformation 
(more favourable for E2) (less favourable for E2) 


2a) 


ork 
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The stereoelectronic requirement of anti-periplanarity exists because of the following 


reasons: 


(i) Electrons from the sigma bond at the $-carbon will delocalize into the vacant orbital 
forming at the a-carbon atom to produce the alkene z bond. Since the p orbitals of 
a a bond are coplanar, it is reasonable to assume that coplanarity of the sigma 
orbitals leading to the formation of z bond will be energetically preferred. 


(11) 


Unlike in the syn geometry the attacking base and the leaving group remain far 


apart from each other in anti-geometry and therefore, the steric interactions and 


electrostatic repulsions are minimized. 
(iii) 


Unlike the syn geometry the anti-geometry allows the bonding electrons from the 


beta substituent to displace the leaving group from the backside. This familiar 
backside attack is energetically advantageous from electronic point of view. 


AK = Steric and 
Xo- + electrostatic 
repulsions 


t 
H 


B 


Anti-periplanar E2 
transition state 
(more stable) 


Syn-periplanar E2 
transition state 
(less stable) 


Sy2 reaction 


It has long been known that an Sy2 reaction proceeds with inversion of 


configuration, that is, that the incoming nucleophile enters from the back of the leaving 
group. The stereoelectronic situation is that the o* orbital of the bond joining the reacting 
carbon and the leaving group is the one that gives rise to the new o bond to the incoming 
nucleophile. The overlap is bonding when the nucleophile approaches the electrophile 
from the rear leading to inversion of configuration (a), but the approach from the front 
leading to retention of configuration (b), is both bonding and antibonding. Therefore, the 


former approach is clearly preferred. 


antibonding 
interaction 


Yeo 
a bonding 
» interaction 


n, the filled . a 2 7 
nonbonding orbital o*, the empty antibonding ex > ox< D 
of the nucleophile orbital of the C—X bond / 
(HOMO) (LUMO) (LUMO) 
(a) Inversion of configuration (b) Retention of configuration 
(favourable) (not favourable) 


7.2.3 Reactions of Cyclohexane Derivatives 
7.2.3.1 Nucleophile Aliphatic Substitutions 


Sy2 reaction The rate determining step (the only step here) of bimolecular nucleophilic 
susbtitution reactions (Sy2) involves synchronous attack of the nucleophile and the 
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departure of the leaving group. A stereoelectronic requirement is that the transition state 
has linear arrangement of the partially bonded nucleophile, the carbon atom undergoing 
substitution, and the partially bonded leaving group. In case of cyclohexanes, the axial 
conformation (leaving group) reacts more rapidly than the equatorial conformation and 
this is because of the following two reasons: 

1. The axial approach of the nucleophile for an equatorial leaving group is sterically 
more hindered due to syn-axial hydrogens at C-3 and C-5 position, relative to the 
carbon (C-1) undergoing substitution. 

2. The ground state energy of the axial isomer is higher than the equatorial isomer, 
and therefore, the activation energy to reach the transition state will be less for the 
axial isomer. 


It is to be noted that these factors are important when the size of the nucleophile is larger 
than that of the leaving group. For example, the 8,2 reaction of cis-4-tert-butylcyclohexyl 
bromide with sodium thiophenoxide (PhS°Na®) at 25°C in aqueous ethanol occurs at 
a much faster rate (60 times) than the trans-isomer. This finding would appear to be 
due to a combination of steric and stereoelectronic effects. The bulky tert-butyl group 
practically locks the cis-isomer in that particular conformation which places bromine in 
the axial position. There is ground-state compression in the axial compound (syn-axial 
interactions), giving rise to an increase in ground-state energy and decrease in activation 
energy (steric assistance). Also, the approach of PhS° is easier because there is large space 
between the axial and equatorial H atoms. For these reasons, the cis-isomer reacts with 
the bulky nucleophile thiophenoxide ion (PhS°) by Sy2 mechanism at a much faster rate. 


H<«——_~Br &- 
HB 
He 4 PhSNa HOS A ‘ ‘i 
—_—_—_~> OF 
EtOH/H,O Se, aan SPh 
pase §* + Br 
cis-4-tert-Butylcyclohexyl TS: 
bromide 


On the other hand, the tert-butyl group practically locks the trans-isomer in that particular 
conformation which places bromine in the equatorial position. So, unlike the cis-isomer, 
steric assistance is not available in this case. However, there is steric hindrance to backside 
attack (from the axial side), that is, the stereoelctronic requirement of backside attack 
produces an adverse steric factor in this case. For these reasons, displacement of bromine 
by PhS° a much slower rate. 


Steric 
indrance 2 = o- = SPh 
= Eph HO SPh |, if 
a PhSNa “ee H 
CBr EtOH/H,O ‘Br + ‘Br: 
Sw? ki | rah 


‘LS: 
trans-4-tert-Butylcyclohexyl 


bromide 
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Neighbouring group participation (NGP) For neighbouring group participation to be 
operative in a 1,2-disubstituted cyclohexane, a trans diaxial arrangement of the departing 
and participating groups is necessary and this is because stereoelectronic requirement for 
Sy2 attack is fulfilled in such a conformation. 

:Z 


H 


H 


a 


trans diaxial conformation 
(good geometry for anchimeric assistance) 


The following observations can be well explained in terms of neighbouring group 
participation: 


1. cis- and trans-2-Chlorocyclohexanol behave differently towards alkali. 
The trans-isomer, which can attain a diaxial geometry necessary for backside attack, 
undergoes intramolecular S,2 attack (displacement of chloride ion by the oxyanion) to 
give cyclohexene oxide. 


O° 
07) yA) | O 
ake H :GH° H Sy? H 
VA on H H -oP H 
H Cl Ca Cyclohexene 
(e, e) (a, a) oxide 


trans-2-Chlorocyclohexanol 


The cis-isomer, on the other hand, cannot attain the geometry necessary for backside 
attack. In this case, a slower reaction involving migration of a hydride ion occurs to form 
cyclohexanone. 


H H 
EY) yD O 
or ‘OH 0° H°shift 
H H a 
a Cyclohexanone 
(e, a) Cl Cai 


cis-2-Chlorocyclohexanol 


2. When active frans-2-acetoxycycohexyl tosylate is treated with KOAc in 
AcOH, (+)-trans-1,2-cyclohexanediol diacetate is obtained through a faster 
reaction. However, when the cis-isomer is treated similarly, active trans-1, 
2-cyclohexanediol diacetate is obtained through a much slower reaction. An 
acetoxy group can function as a neighbouring group. In the diaxial form of the trans- 


PR sae SLE AY Sail LU reece eo mre ene eT een Tere eete TT ee ete OEE TEIN 2 
isomer, the acetoxy group is suitably placed for backside attack and so, it pushes out 
the tosylate anion to form an acetoxonium ion (first step) with inversion of configuration 
at the carbon under attack. The acetoxonium ion undergoes a ring flip to produce its 
mirror image. The two enantiomeric intermediates then undergo nucleophilic attack by 
the acetate ion (second step) again with inversion of configuration at the carbon under 
attack and as a result, racemic trans-1,2-cyclohexanediol diacetate is obtained. 


H OTs 
TsO 
OAc =~ ae 
id 
YF CH 


trans-2-Acetoxycyclohexyl O 
tosylate 6 % 
(optically active) —OTs | AcOH 
Syn2 
120° H 
zotation, re 6: 
o A Sy2 
ZL S 
6H, so? 
CH; 
~< 
_/ 
(+)-trans-1,2-Cyclohexanediol 
diacetate 


The cis-tosylate, on the other hand, cannot assume the diaxial conformation needed for 
backside attack by the acetoxy group and there is no neighbouring group effect. Thus, this 
isomer reacts by the normal Sy? process to yield active trans-1,2-cyclohexanediol diacetate 
and the reaction is much slower than for the trans-tosylate to which the anchimeric 
assistance is available. 


OTs H 
ee OAc 
OAc B OA + OTs 
- H 
cis-2-Acetoxycyclohexyl trans-2-Cyclohexanediol 
tosylate diacetate 


(optically active) (optically active) 
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Sy1 reaction cis-4-tert-Butyl tosylate undergoes solvolysis in 80% ethanol at a faster rate 
than its trans-isomer. This difference in reaction rate can be well explained in terms of 
steric assistance. Owing to steric interaction between the axial-OTs group and the axial 
hydrogen atoms at C-3 and C-5, the cis-isomer has a higher ground state energy than the 
trans-isomer. Solvolysis (Sy1) of both of them involves a common carbocation intermediate. 
So, as first approximation, the T.S. of the r.d. step may also be assumed to be common for 
both of these reactions. Accordingly, the T.S. energy (AG*) for the cis-isomer will be less 
than the trans-isomer and the former will react at a faster rate. 


Hx«———_+ OTs 


Syl 


(r.d. step) | 


| 


cis-4-tert-Butyl tosylate 
(higher ground-state energy) 


Intermediate 
corbocation 


(N 
OTs Sy1 t 
(r.d. step) 


trans-4-tert-Butyl tosylate 
(lower ground-state energy) 


This situation of ‘steric assistance’ can be well illustrated by the following energy diagram: 
TS. 


t + 
~ oe eee AGt BG aie < AG ans 
cis-isomer trans 


f=] —> 


trans-isomer 


Progress of Sy1 reaction —~ 
7.2.3.2 Elimination Reactions 


(a) E2 reaction In cyclohexane derivatives, the stereoelectronic requirement of E2 
reaction, i.e, the anti-periplanar orientation of the departing groups is satisfied only 
when the groups are in diaxial (a, a) positions but not in diequatorial (e, e) or equatorial- 
axial (e, a) positions. In fact, when they are equatorial-axial, they are syn to each other 
and also not coplanar. When they are diequatorial they are anti to each other but not 
coplanar. They are anti as well as coplanar only when they are diaxial. Therefore, the 
diaxial conformation of cyclohexane derivatives is very susceptible to E2 reaction as the 
stereoelectronic requirements is then fulfilled. 
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anti-periplanar 
(6 = 180°) 


C 2. 
LG LG 
Diaxial conformation 
(suitable for E2 because the stereo-electronic requirement of 
anti-periplanarity is satisfied) 


When the cis-isomer of 4-tert-butylcyclohexyl tosylate is heated with NaOEt in EtOH 
at 75°C, it undergoes a facile E2 reaction to yield 4-tert-butylcyclohexene. However, the 
trans-isomer reacts slowly with NaOEt to give the same product when treated similarly. 


OTs 
1 


5 6 
NaOEt/EtOH : 
> 4 1 (fast reaction) 
75°C \—4 


cis-4-tert-Butylcyclohexyl tosylate 4-tert-Butylcyclohexene 


OTs  yaoKRt/EtOH 
766 > - { > (slow reaction) 


trans-4-tert-Butylcyclohexyl] tosylate 4-tert-Butylcyclohexene 


The bulky tert-butyl group (—<) in both cis- and trans-tosylates nearly always assumes 
an equatorial position, holding the ring in a single conformation predominantly. The cis- 
isomer exists nearly exclusively in the axial-tosylate conformation, while the trans-isomer 
exists nearly exclusively in the equatorial tosylate conformation. In the thermodynamically 
stable axial-tosylate conformation of the cis-isomer, the -OTs group and a f-H atom (either 
at C-2 or at C-6) are anti-periplanar. Because of such arrangement of the departing groups 
in which the stereoelectronic requirement is fulfilled, the isomer undergoes a facile E2 
reaction, i.e., the loss of TsOH occurs at a faster rate. 


Me 
Me ~o-Mewy OTs 
H 1 
= ss Mec) 
OTs Me3C 75°C 

( ieaii f. si (anti sie nacten’ 4-tert-Butyl- 

energetically unfavourable nes . cyclohexene 

conformation and also not EtO:_7H + Hon + OTs 

suitable for E2) (energetically favourable 


conformation and also suitable for E2) 
cis-4-tert-Butylcyclohexyl tosylate 
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On the other hand, in the stable equatorial-tosylate conformation of the trans-isomer, 
the —OTs group cannot become coplanar with a 6-H atom (either at C-2 or at C-6), ie., 
in this conformation, the stereoelectronic requirement is not fulfilled. Although the 
stereoelectronic requirement is fulfilled in the energetically very unfavourable axial- 
tosylate conformation, flipping to this conformation suffering from strong 1,3-diaxial 
interactions does not practically take place. For these reasons, the trans-isomer does not 
undergo E2 reaction under the same reaction conditions. Slow elimination does take place, 
but by a unimolecular (E1) mechanism. 


Me 
Mex‘ Mex>y 


NH 
ee OTs NaOEt/EtOH 
MesC es No E2 
75°C reaction 


H «——— > OTs 
(energetically very (energetically very 
unfavourable conformation favourable conformation 
but suitable for E2) but unsuitable for E2) 


trans-4-tert-Butylcyclohexyl 
tosylate 


H 
CY ® 
OTs NaOEVEtOH a 
MesC Fl > MesC + ‘OTs 


trans-4-tert-Butylcyclohexyl EtO:, \ AH 


tosylate Intermediate 


carbocation 


eee 


4-tert-Butylcylohexane 


(b) E1 reaction When a substituted cyclohexane undergoes an E1 reaction, the two groups 
that are eliminated do not have both to be in axial positions because the elimination 
reaction is not concerted. The carbocation formed in the first step loses a proton to yield 
the Saytzeff product predominantly. For example, 1-chloro-1,2-dimethylcyclohexane 
undergoes E1 reaction in methanol to yield 1,2-dimethylcyclohexene (the Saytzeff product) 
predominantly. 


Stereochemistry of Alicyclic Compounds 


(a) CH, 
H — 
iz H ay -H° 
CH,0OH H 
LAG et + Rye) soma 
\A ® | (Saytzeff product: major) 
CHs 
1-Chloro-1,2-dimethyl- carbocation 
cyclohexane intermediate CHs 
—-H 
CH; 
2, 3-Dimethylcyclo- 
hexene 


(Hofmann product: minor) 


(c) Pyrolylic syn-eliminations 


1. Pyrolysis of acetates The pyrolytic elimination of an acetate containing at least one 
B-H atom proceeds concertedly through a six-membered cyclic transition state. The cyclic 
pathway required a syn-coplanar arrangement of the departing groups and so, the reaction 
is a highly stereoselective syn-elimination. The stereochemical course and the mechanism 
of this intramolecular E2 reaction may be shown as follows: 


; ft 
NR __ av NY aes vs \ # 
LAS Be | CS | Soc + CH,COOH 
i a e i _ pp An alkene Acetic acid 
CH; CH; 
An acetate Six-membered cyclic 


transition state 
When there are two possibilities of such intramolecular elimination, the major product is 
that which is obtained through a more stable transition state. The following acetate, for 
example, undergoes pyrolytic syn-elimination to yield the alkene I as the major product 


and the alkene II as the minor product. 
CH, CHs 


OAc 
or io ‘am 
7, CH CH3 ce 
“ony (- ) I 
An acetate (major oe (minor product) 


The six-membered cyclic transition state leading to the formation of I is planar and 
geometrically as well as thermodynamically more favourable, while the six-membered 
cyclic transition state leading to II is not planar (C—O and BC—H bonds are not coplanar) 
and thermodynamically less favourable. 
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CHs ie ‘ 
Oo“-SO 
oF) 1 |-CH,;COOH eg 
OAC ANH . H CY 3 
cH, = awd a 
% CH, CH; CHz I 
H (major product) 
Transition state 
||| CH; CH; (more stable) 
C Pan + 
Can r “oN Z 
eecen Oo: ~O _ 
CH; —CH;COOH Cu 
ws! pce 
CH, > 
7 J (minor product) 


Transition state 
(less stable) 


2. Pyrolysis of Xanthates Pyrolysis of xanthate esters to alkenes is known as the Chugaev 
reaction. 


At |e . Sa | 
H. O Ki H O 2" pe =C. at Z Cn ie 
a8 ap fae oO (SSCH, 
2 Csgen, SCH alkene L | 
A xanthate ester Ts: CH;SH + O=C=S _ 


When the cis- and trans-isomers of the following xanthate esters are heated, 
3-phenylcyclohexene and 1-phenylcyclohexene are, respectively, obtained as the major 
product. 
ee oll. ie 7 a 
i, “~OCSSCH3 
— H 3-Phenylcyclohexene 1-Phenylcyclohexene 
cls-1Somer (96%) (4%) 
io she om . oe aes 
%,, -OCSSCH3 
H 3-Phenylcyclohexene 1-Phenylcyclohexene 
trans-isomer (12%) (88%) 


In the cis-isomer of the xanthate ester, the axial B-H possesses syn relationship (e, a) with 
the -OCSSCHs group. So, it undergoes Ei reaction through a low-energy transition state 
to give 3-phenylcyclohexene as the major product. Because of the anti relationship (e, e) 
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of the group -OCSSCH, with the equatorial B-H on the other side, the transition state 
energy of the corresponding Ei reaction is much higher and so, 1-phenylcyclohexene is 
obtained as the minor product. 


UW Ph 
a o-scu i 
AH = = mite 
;—OCSSCH, O 
H 3-Phenylcyclohexene 
cis | (major) 
r 
+ [HS—C—SCH,] —> COS + CH3;SH 


reer s 
‘“SCH3 1-Phenylcyclohexene 
‘ (minor) 


| 
+ [HS—C—SCHs3] —> COS + CH3;SH 


In the trans-xanthate, on the other hand, both of the B-hydrogens possess syn-relationship 
with the -OCSSCH, group. However, due to the conjugative effect of the phenyl, group, 
the transition state energy of the reaction leading to 1-phenylcyclohexene is lower 
than the transition state energy of the reaction lending to 3-phenylcyclohexene. So, 
1-phenylcyclohexene is obtained as the major product in this case. 


H Hf Ph 
Besos RR OTRO 
;—OCSSCH, ‘a a 
‘H On SCHs 3-Phenylcyclohexene 
trans f . (minor) 


l 
+[HS—C—SCHs3] —> COS + CH3SH 


Ph 
jeg 2 (xf =a” 


a Co 
O SCH3 1-Phenylcyclohexene 
(major) 


O 
l 
+[HS—C—SCHs3] —> COS + CH3;SH 


3. Pyrolysis of tertiary amine oxides When tertiary amine oxides containing at least 
one £-H atom are heated, they undergo decomposition to yield an alkene and a dialkyl- 
hydroxylamine. This is what is called the Cope elimination reaction. For example: 
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ee HO Of,PA Ht ph H 
PhCH,CH,NMe, e~ ogc" aie ™“o=¢~ |_, cad +Me,NOH 
. bp H SMe Z / O+ H’ \H 
a ‘ Styrene 


TS. 


In this Ei reaction, the negatively charged oxygen of the amine oxide is the base that 
removes a proton from the f-carbon. The reaction proceeds through a planar five-membered 
cyclic transition state. The mechanism of the reaction requires the departing groups to be 
syn-coplanar and in fact, the reaction exhibits the greatest degree of syn stereoselectivity 
of any of the Ei reactions. 

That the five-membered cyclic transition state involved in the Cope elimination reaction 
must be completely planar can be well demonstrated by the reactions of the two isomeric 
cyclohexyl systems. 


Pg Ph Ph 
ha, OF or 
7, NMeg Ei - 
7 as 1-Phenylcyclohexene 3-Phenylcyclohexene 
cis-Amine oxide (2%) (98%) 
H 
«Ph = > cy" - ae 
ta, NMe, : 
Hf “4 1-Phenylcyclohexene 3-Phenylcyclohexene 
trans-Amine oxide (85%) (15%) 


Since it is relatively easier to force an axial and an equatorial bond into a plane than two 
equatorial bonds, therefore, an equatorial and an axial substituent (i.e., cis to each other) 
become involved in pyrolylic syn elimination more easily (low activation energy) than two 
equatorial substituents (i.e., trans to each other). 


The cis-amine oxide undergoes unfavourable anti-elimination of the equatorial -NMe,—O 
group and the equatorial B-H at C-2 to yield 1-phenylcyclohexene as the minor product. 
However, it undergoes favourable syn-elimination of the equatorial -NMe,—O group and 
the axial B-H at C-6 to yield 3-phenylcyclohexene as the major product (almost exclusively). 


Ph (a) (a) 
Ph Fie) iw? slow C p-Ph 
ha = \fia62 1-Phenylcyclohexene 
— Qe) 6 /* (2%) 
To os NMe, . 
O fast Ph 


3-Phenylcyclohexene 
(98%) 


cis-Amine oxide 
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The pyrolytic elimination of trans-amine oxide leading to formation of both 1- and 
3-phenylcyclohexene involve a favourable syn-elimination of an equatorial -NMe,—>O 
group and an axial 6-H (at C-2 or C-6). An equal amount of both the alkenes is expected 
to be obtained from this isomer. However, 1-phenylcyclohexene is obtained predominantly 
and this is because this alkene, being a conjugated one, is thermodynamically more stable 
than the isomeric 3-phenylcyclohexene. 


(b) (a) 

H slow Ph 
(ie = ‘ 62 3-Phyenylcyclohexene 

on NMe, j os (15%) 

TN 

: O : fast ( pP h 
trans-Amine oxide 1-Phenylcyclohexene 

(85%) 


4. Fragmentation reactions Reactions involving cleavage of carbon-carbon bonds are 
called fragmentation reactions. In such reactions carbon is the positive leaving group (the 
electrofuge). These reactions take place on substrates of the type W-C-C-X, where X is 


® ® 
a normal nucleofuge (e.g., halogen, OH,, OTs, NR3, etc.) and W is a positive carbon 
electrofuge. In general, W is HO—C or R,N—C, so that the positive charge on carbon is 


stabilized by the unshared pair of electrons on the oxygen or nitrogen atom. The process 
may be shown as follows: 


dy > H. 9 
He N — > An %~ 4 \ pn” © 
Yecthegy O—CL + VC=Co + xX 


The mechanism is mostly E2 or E1. 


Cyclohexane derivative may also undergo fragmentation reactions. For example, when 
trans-1,4-dibrocyclohexane is treated with zinc, it undergoes fragmentation reaction to 
yield hexa-1,5-diene. Since in the stable diequatorial conformation of this dibromide, each 
C—Br bond is anti to the C-2—C-3 bond, therefore, it undergoes a facile debromination 
by zinc accompanied by fission of the C-2—C-3 bond. The stereoelectronic requirement for 
concerted fragmentation is fulfilled in this case. 


H 
Br H 3 iy ® 6 33 
2 Br Zn 
= ey es = CH,=CH(CH,),CH=CH, 
5 
H Br - 4 : Hexa-1,5-diene 
H_ (e,e) + ZnBro 


trans-1, 4-Dibromocyclohexane 


[Debromination does not take place through the trans-diaxial conformation because in 
that conformation anti relationship between the C-2—C-3 bond and the axial C—Br bonds 
is not maintained, i.e., the stereoelectronic requirement is not fulfilled.] 
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Another example of the stereoelectronic requirement for concerted fragmentation is given 
below. 


6 ® H,0 
a 80% EtOH 5 Me,N—CH(CH),CH=CH, — 
Me.N OTs EtsN or’ 
E2 


cls @ >) 
Me,.NH,OTs + CH,=CH(CH,)3;CHO<— 


@ 
? 80% EtOH oe r is Pt Cok. n NMe, 
MeN EuN OTS 
sy) NMey_NMey”, NMe, “OW 467 
t OTs 49% (cis + trans) CH ,—CH(CH2)3CHO 
rans 11-13% 


cis-3-Dimethylaminocyclohexyl p-toluenesulphonate, upon treatment with triethylamine 
in 80% EtOH, fragments rapidly to yield the hydrolysis product of the imminium salt. 
In contrast the trans-isomer, which is not properly disposed stereoelectronically for 
fragmentation, gives mainly solvolysis and elimination products. It reacts at about one- 
eighth the rate of the cis-isomer. 


7.2.3.3 Rearrangements 


Pinacol-pinacolone rearrangement This type of rearrangement have been observed 
in cyclohexane-1,2-diols. The nature of product is found to be dependent on the 
stereochemistry of the substrate diols. For example, cis-1,2-dimethylcyclohexane-1,2- 
diol undergoes acid-catalyzed pinacol rearrangement to yield a cyclohexanone derivative 
along with a cyclopentane derivative (the ring-contracted product). On the other hand, the 
trans-isomer undergoes only ring contraction to give the same cyclopentane derivative as 
the exclusive product. This isomer, because of intramolecular hydrogen bonding, exists 
almost exclusively in the form in which the two —OH groups are equatorial. Therefore, it 
reacts through this conformational eae 


2 O 
OH JH 21g Q ea A ME 
(H,s0.” Me M& Me shit” 
®OH, 


aot eae 
hexane-1,2-diol 


ae, 


OH, _H® Me 
—- 
fonda” ar COMe 
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Me Me 
aa," 
QH H® 2~OH, -H,0 
O—H (H,S6,) OH bond shift ee COMe 
P ) 
Me Me 
trans-1,2-Dimethylcyclo- (C-1-C-6 bond is in 
hexane-1,2-diol anti-periplanar orientation 


: ® 
(OH/OH: e, e) with respect to the -OH, group) 


Stereoelectronic effect manipulates the course of the reaction and anti-migration is the 
general rule for pinacol-pinacolone rearrangement. 


Favorskii rearrangement Cyclic o-haloketones undergo Favorskii rearrangement to give 
ring-contracted product. For example when 2-chlorocyclohexanone is treated with NaOMe 
in ether, methyl cyclopentanecarboxylate is obtained. 


I 
O He © 
Ss 
7 Cl NaOMe cS OMe 
ether 
2-Chlorocyclohexanone Methylcyclopentanecarboxylate 


The mechanism of the reaction (an anionic ee involves the _ as follows: 


NOT te, @ [CK A cis bos e| Ps SiMe _, 
Ashe, 3) 
(Step 1) eo, 2) 


_ 
" s OMe _MeSLit care ee: C\oMe 
a <GStepD_ 


In step 1, an a-H is abstracted by base to form a carbanion. In step 2, intramolecular 
displacement (Sy2) of the halogen by the a-carbanion takes place to form a symmetrical 
cyclopropanone intermediate. In step 3, the cyclopropanone ring of the bicyclic ketone is 
cleaved by the alkoxide ion to form a carbanion which in step 4 abstracts a proton from 
MeOH to form methyl cyclopentanecarboxylate. 


Whether the carbonyl function forms a part of the ring system, the axial hydrogen is 
abstracted by base preferentially and this is because the o electrons of the axial bond are 
more favourably located for overlap with the pi electrons of the carbonyl function. Since 
the axial hydrogen at C-6 in the starting o-haloketone is trans to the equatorial chlorine 
(trans-1,3: e, a), the a-carbanion formed by the expulsion of axial hydrogen is capable of 
attacking the carbon bearing chlorine from the backside (Sy2). 
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02 
HY or HO 
MeO <—> Sy’ 
Gq === Cl Ls “ae 


7.2.3.4 Oxidations 


Steric assistance or steric acceleration has been observed during oxidation of anancomeric 
cyclohexanols. The cis-isomer of 4-tert-butylcyclohexanol undergoes oxidation by chromic 
acid at a faster rate (approximately four times) than the trans-isomer. In this case, the 
anancomeric (conformationally biased) cyclohexanols give the common oxidation product 
4-tert-butylcyclohexanone. In the rate determining step, the initially formed chromate 
ester undergoes loss of H,CrO, (a B-elimination reaction). The cis-isomer, which suffers 
from 1,3-diaxial interactions, undergoes considerable relief of steric strain in the transition 
state in the process of conversion of chromate ester to ketone. Again, since the transition 
states involved in the rate-determining step have more product (ketone)-like structure, 
they may be assumed to have similar energies. Now, because of steric strain, the ground 
state energy of the cis-ester is higher than that of the trans-ester. As a consequence, the 
difference in energy between the ground state and the common transition state, i.e., the 
activation energy for the cis-ester (AG%,,) is less than that for the trans-ester (AG;.,,,,,) and 
for this reason, the cis-alcohol undergoes oxidation at rate faster than the trans-alcohol. 


Syn-axial 
interactions 0 _-OH 
ees 
oN, a _fast_, H Lf 
LOY Jy _slow__, 
HO eH HO: fed.atonl” step) 
Chromic acid 4-tert- LT 
cis- a tert-Butylcyclohexanol cis-Chromate ester none 
(less stable: higher +H,0° 4 HCrO3 


ground-state energy) 


H,O:’ *H oO 


I 
COp 
Ms, Ye fast I OH 
a (-H,0) O 
slower 


(r.d. step) 


trans-Chromate ester 
(more stable: lower 
ground-state energy) 


ee ee 
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AG*., ‘ 
AGirans AGE, < AGEans 


ground-state of 

the cis-isomer 
ground-state of 
the trans-isomer 


Free energy 


7.2.3.5 Reductions 


Reduction of cyclohexanone using lithium aluminium hydride (LiAIH,); sodium 
borohydride (NaBH,), and similar reagents have been studied extensively and a number of 
important features have emerged. In general, cyclohexanones, hindered sterically by axial 
substituents at C-3 and C-5, give preferentially the axial alcohol owing to the preferntial 
approach of the reagent from least hindered equatorial side. This phenomenon is termed 
as steric approach control. However, it is to be noted that the amount of axial alcohol in 
the product mixture is influenced by the number and size of the axial substituent and size 
of the reagent used. 


The axial mode of attack leading to the equatorial alcohol usually takes place preferably in 
cyclohexanones having no axial substituents at C-3 and C-5. This phenomenon is termed 
as product development control. 

4-tert-Butylcyclohexanone is an unhindered ketone because it has no axial substituent at 
C-3 and C-5 atoms. For this reason, LAH (LiAlH,) reacts with this ketone to yield mainly 
the thermodynamically more stable equatorial alcohol, i.e., the trans-alcohol (product 
development control). 


Q - _ 
_p? _AlHs t (} H 
ig 0 Hoy O-AIH, 
LiAlH, ewe = H30® OH 
a —— 
Ether 
(product 
development + TS. 4 trans-4-tert 
control) (anore-stalile) ce ec aia 
major 


Disiamylborane (Sia,.BH or R,BH, where R = —CHMeCHMe,) containing two bulky 
—CH(Me)CHMe, groups is a hindered reducing agent. For this reason, it becomes involved 
in steric interaction with the axial hydrogens at C-3 and C-5 in an axial approach. To avoid 
the steric interaction in axial approach, the reagent attacks the C=O group preferably 
from the less-hindered equatorial side to yield the thermodynamically less stable axial 
alcohol, i.e., the cis-alcohol predominantly (steric approach control). 
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More-hindered 
approach 
é + O—BSia, 
SiagBH <  YBSiag H 
\T/ —> 
L~T “steric ial 
ey Sia 


approach 
4-tert-Butyl- aia TS. 
cyclohexanone a (more stable) 10° 
3 
(a, e) 
cis-4-tert-Butylcyclohexanol 
(major) 


7.2.3.6 Hydrolysis 


Saponification (alkaline hydrolysis) of esters of cyclohexanecarboxylic acid proceeds 
through the formation of an intermediate (in the rate-determining step) in which carboxyl 
carbon atom becomes tetrahedral and therefore, the -COOR group is converted to a 
more bulkier —C(OH)(OR)O® group. As a consequence, the steric strain (1,3-diaxial 
interaction) is further increased in the case of cis-ester with the —COOR group axial but 
not in the case of trans-ester with the —COOR group equatorial. Therefore, the transition 
state leading to the formation of cis-intermediate is relatively more destabilized. Another 
factor is that the —C(OH)(OR)O° group is more solvated than the neutral —CO,R group 
and consequently, steric strain (syn-diaxial interaction) is further enhanced. For these 
reasons, esters of trans-4-tert-butylcyclohexane carboxylic acid undergo saponification at 
a much faster rate than the cis-isomer. 


H~__ 


ie CO.H 
W ge OR 
OHSH,O 
Slower 
(r.d. step) 
Tetrahederal 
Ester of cis-4-tert-butyl- intermediate cis-4-tert-Butyl- 


cyclohexanecarboxylic acid (steric strain increased) cyclohexanecarboxylic acid 
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COR OHO fe) oe as -OR?, ee 
— Slew 


(x.d. step) 
Ester of trans-4- Tetrahedral LAs 
tert-butylcyclohexane- intermediate cyclohexanecarboxylic 
carboxylic acid (steric strain not increased) acid 


It is to be noted that the effect of steric interaction on rate is less pronounced when the 
cyclohexyl substituent is in the alcohol part of the ester and the reason is that the site of 
crowding (the carbonyl carbon of —COOR group) is not much closer to the ring. In fact, the 
ester carbonyl is one bond further removed from the cyclohexane ring. 


7.2.3.7 Esterification 


Esterification reaction is just the reverse process of ester hydrolysis. Therefore, the rate 
of esterification of anancomeric axial and equatorial cyclohexane carboxylic acids will 
exhibit the same differences as in the case of hydrolysis of esters. Thus, trans-4-tert- 
butylcyclohexanecarboxylic acid will undergo esterification reaction at a much faster rate 
than its cis-isomer. 


He 
Hi +0),-0H COR 
BaF 
ROH/H® 
Slower 
: (r.d. step) 
cis-4-tert-Butyl- Tetrahedral 
cyclohexanecarboxylic intermediate Ester of cis-4-tert-Butyl- 
acid (Steric strain increased) cyclohexanecarboxylic acid 
COR 
CO,H ce ~ 08 -H,0 we 
ROH/H® He” 
Slow? 
trans-4-tert-Butyl- nde) Tetrahedral Ester of trans-4- 
cyclohexanecarboxylic intermediate tert-Butylcyclohexane- 
acid (Steric strain not increased) carboxylic acid 


7.2.3.8 Lactonization 


When a —COOH group and an —OH group present in a cyclohexane ring come very close 
to each other, an intramolecular esterification reaction (lactonization) occurs on heating 
the substrate. 
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cis-3-Hydroxycyclohexanecarboxylic acid readily forms lactone on heating whereas the 
trans-isomer does not. The more stable conformation of the cis-acid is that in which the 
two susbstituents are equatorial and the more stable conformation of the trans-acid is 
that in which the bulkier —COOH group is equatorial and the —OH group is axial. 


5 1 
ed i = 
4” HO 


2 


e,e 
cis-3-Hydroxycyclohexane- _—_ trans-3-Hydroxycyclohexane- 
carboxylic acid carboxylic acid 


The cis-acid undergoes ready lactonization on heating through ring inversion process. In 
the flipped conformation, both the —COOH and —OH groups assume syn-diaxial positions 
and come much closer to each other (within reacting distance) to give a lactone (cyclic 
ester). Although the inverted conformation is sterically unfavourable (due to 1,3-diaxial 
interactions), the reaction is favourable from the standpoint of entropy. 


COH | A 
Left = A ae YA 
HO C o0——_C=o 


(e, e) (a, a) A y-lactone 


cis-3-Hydroxycyclohexanecarboxylic 
acid 

The trans-acid, on the other hand, cannot form a lactone on acid because the —COOH and 
—OH groups are far apart (beyond reacting distance) from each other, even after ring-flip. 
If the —COOH and —OH group in a cyclohexane system come close to each other in a boat 
conformation, lactonization occurs through this conformation also. 
cis-4-Hydroxycyclohexane carboxylic acid lactonizes readily on heating because in its boat 
conformation the —COOH and —OH groups assume flagpole positions and come within 
the reacting distance. 


ea “HO t—o 
qe OH }H oH H 
A 
HO.C = (4,0) 
(chair form) (boat em) 6-Lactone 


cis-3-Hydroxycyclohexane 
-carboxylic acid 
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On the other hand, in the boat conformation of the trans-isomer only one of the —COOH 
and —OH groups can assume flagpole position and as a consequence, they do not come 
within the reaching distance. Because of this, loss of water, i.e., lactonization does not 
take place on heating the compound. 


HO,C 


é 2 3 
(chair form) (boat form) (boat form) 


trans-4-Hydroxycyclohexanecarboxylic acid 


7.2.3.9 Conversion of halohydrins to epoxides 


Cyclohexane-halohydrins undergo facile ring closure to form epoxides (an intramolecular 
variation of the Williamson ether synthesis) when the groups involved are both axial. In 
fact, in diaxial conformation, the stereoelectronic requirement for Sy2 attack is fulfilled. 
As in other nucleophilic substitutions, the internal nucleophile approaches carbon from 
the side opposite the bond to the leaving group. trans-2-Bromocyclohexanol, for example, 
must undergo ring inversion before ring formation. 


LDS a TP -yp* d- 3 


trans-2-Bromocyclo- (e, e) (a, a) {Br 1, 2-Epoxycyclo- + Br® 
hexane hexane 


Even though the diaxial conformation of the halohydrin is relatively less stable (due to 
1,3-diaxial interactions) than the diequatorial conformation, the two conformation are in 
rapid equilibrium. As the diaxial conformation reacts to yield the epoxide, it is replenished 
by the rapidly established conformational equilibrium. 

The cis-isomer of this halohydrin, on the other hand, is relatively unreactive and does not 
give an epoxide and this is because the stereoelectronic requirement cannot be fulfilled in 
this case. 


Po SOLVED PROBLEMS DOT 


1. The cis-isomer of 4-tert-butylcyclohexyl iodide reacts with ie (an Sy2 
reaction) at a rate fatser than its trans-isomer. Explain this observation. 


Solution Since the transition state is the same for both the reactions therefore, any dif- 
ference in reaction rate must be due to the differences in the energy of the starting mate- 
rials. The cis-isomer of 4-tert-butylcyclohexyl iodide in which iodine is axial suffers from 
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1,3-diaxial interactions. So, it is less stable (higher ground state energy) than the trans- 
isomer in which iodine is equatorial. The difference in energy between the transition state 
and the starting material, 1.e., the activation energy, is, therefore, lower for the reaction of 
the cis-isomer compared to the reaction of the trans-isomer. For this reason, the cis-isomer 
reacts with I© at a rate faster than the trans-isomer. 


& 


Ha? d JH : 
zo Sy Tx. Bi: sf J 
(o) . 
\ et (fast) or I 


cis-4-tert-Butyl- -_ 
cyclohexyl iodide ww. \ 


Identical 


trans-4-tert-Butyl- TS. 
cyclohexyl iodide 


2. Explain the following observations: 


JOE 
(a) CO.H “Ho” 


A ¥lactone 
eee ee ee 
acid 
COO? COO? 
NEE OH 
o Lou > CO + O 
ee eee ee ore ma ” Aiea ete Cyclohex-2-en- 
acid carboxylate carboxylate 


Solution (a) In conformation, Ia (—Br/—COO*%: a, e) of trans-3-bromocyclohexanecarbox- 
ylate ion, the —COO® group is not suitably placed to displace bromine from the backside. 
However, in conformation Ib(—Br/—COO*: e, a), the —COO® group is suitably placed to 
displace bromine by backside attack. Because of this, the compound undergoes an intra- 
molecular Sy2 reaction through the conformation Ib to yield a y-lactone. 
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Back side 
—— attack 
Ox a. Fe UA 
al ae 


A ¥lactone 


CO.H 
‘ Br tq (e, a) Ib VA e) 
trans-3-Bromocyclohexane- 
carboxylic acid 


The backside attack is not at all possible in either conformation of the cis-isomer (IIa or 
IIb) because the groups are not placed properly. 


Br OK 20 Za 


I 

Cv Ze 
- IIb (a, a) 

IIa (e, e) 

cis-3-Bromocyclohexanecarboxylate 


Again, displacement of Br° by OH® in the stable and predominant diequatorial form is 
not sterically feasible due to syn-axial interactions. As a consequence, elimination (E2) 
reactions occur to yield two isomeric cyclohexenecarboxylate ions (III and IV). 


COO” 

+ Br°+H,0 
Ill 
COO” 


+ Br°+H,0O 
IV 


IIb (a, a) 


3. Predict the major product in each of the following reactions and give 
your reasonings: 


O 
H,0® OH® 
© Lf (b) oe 0° 
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Solution 
(a) Under acidic conditions, the bond between the more substituted carbon and the 
protonated oxygen undergoes cleavage and as a result, the diol I with an equatorial 
—OH group is obtained as the major product. 
CH,OH 


O+ 
é ia 
| Su = H 
ez 4 


More positive 
ob 
OF 
(Sy2 with , 
An epoxide 


H,O: Sy1 character) 


(b) Under alkaline conditions, the cleavage of the epoxide ring occurs purely by the 
Sy2 mechanism. The nucleophile OH® attacks the less hindered methylene carbon 
to give the diol II with an axial —OH group as the major product. 


Ne Less crowded 
O centre 


te. xf emonon CH,OH 
I 


4, Predict the product expected to be formed in each of the following 
reactions and explain their formations: 


1, 1. MeO°/MeOH 1. MeO°/MeOH 
(a) Mac—C ho ci0 (b) Meo—{ one 
fo) 


An epoxide 


Min, 


Solution Epoxide rings attached to cyclohexane systems are used to open in the trans 
diaxial fashion. Thus, the nucleophile attacks from the axial direction to give a leaving 
group (the oxyanion) that is also axial. For this reason, only one product is formed in each 
of the given reactions, even though ie ends of the epoxide are equally substituted. 


—Sya” 


a 


AL. 
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5. Which of the following two isomeric bromocyclohexanes (A and B) would 
you expect to be more reactive in an S,2 reaction and why? 


Solution The two relatively bulky methyl groups prefer to exist in the equatorial posi- 
tions to avoid syn-axial interactions. As a consequence, in the more stable conformation 
of A (through which it reacts), the bromine atom is equatorially oriented. Since the axial 
approach of a nucleophile for an equatorial leaving group is sterically hindered due to the 
axial hydrogens at C-3 and C-5 (syn-axial interactions), relative to carbon (C-1) undergo- 
ing substitution, displacement of bromine takes place very slowly. 


Steric 
hindrance 


Ne H Nu 
CH ry NU CHs 
ya CH3 1a Sy2 H + ‘Br: 
—_— (Slow 
H reaction) H3C 
H Br 
H 
A H 


On the other hand, in the more stable, conformation of B (through which it reacts), the 
bromine atom is axially placed. The equatorial approach of the nucleophile is not sterically 
hindered and also, the ground state energy of this conformation is higher (i.e., Eis lower) 
than that of the isomer A. For these reasons, this isomer reacts with the nucleophile by 
the Sy2 mechanism readily. The bromocyclohexane B is, therefore, more reactive than A 
in an Sy2 reaction. 


Br ‘i 
CH3 CH, Sy2 Nas: as 
= H —-> Nu + Br 
H C reaction 
H H ne 3 H3C 
B H H 


6. Both cis- and ftrans-isomers of 1,2-dibromocyclohexane produce 
cyclohexene when treated with KI in ethanol. Explain these observations. 


maton, Cy ae Ge 


u ou Cyclohexene uo oBr 


cis-isomer trans-isomer 
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Solution The cis-isomer of 1,2-dibromocyclohexane does not undergo E2 elimination be- 
cause the two Br atoms are not anti-periplanar. However, it yields cyclohexene by a com- 
posite Sy2/E2, pathway (a merged substitution-elimination reaction). This debromination 
thus appears to be a syn-elimination. 


Br 
aa! 
= = a 
S Gyciohexens 
H 


HoH +IBr + I 
cis-1,2-Dibromo- 
cyclohexane 


The trans-isomer, on the other hand, undergoes debromination caused by I° throng the 
diaxial conformation (in which the two Br atoms are anti-periplanar) to give cyclohexene. 


Gp «pho 


KI/C,H;OH © 
see Co + IBr +:Br 


H 75°C 
se Cyclohexene 
H Br Br 
trans-1,2-Dibromo- 
cyclohexane 
7. Explain the following observations: 
Me,CH Sonne 
@ a Me,CH-{ Me + EtOH + cl® 
ow reaction) 
H di Me 2-Menthene (100%) 
Menthyl chloride 
Me,CH a - Sonne 
a 
———rrer > 
(b) (Fast reaction) Me,CH< Me 
H a Me 3-Menthene (75%) 
Neomenthyl chloride M e0HX _)-Me + EtOH + Cl 


2-Menthene (25%) 


Solution (a) Menthyl chloride exists almost exclusively in the more stable conformation 
in which all the three substituents are equatorial. For a facile E2 anti-periplanar elimina- 
tion the departing groups in a cyclohexane system must be in axial positions. Thus, for an 
anti-periplanar elimination to take place the ring must flip to the conformation in which 
all the three substituents are axial. This is a high-energy conformation and the free energy 
of activation for the reaction is large because it includes the energy required for the ring 
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inversion. For this reason, methyl chloride undergoes E2 dehydrochlorination very slowly. 
In this conformation, the only axial hydrogen f to the axial chlorine is at C-3. The reac- 
tion, therefore, leads to the formation of 2-menthene (the Hofmann product) exclusively. 


Me.CH H 
H Me Me.CH 
Cl 
Menthyl ; : 
shictide (thermodynamically (thermodynamically 
stable conformation but unstable conformation 
unfavourable for E2) but suitable for E2) 


ae F2 NaOEt/EtOH 
‘Cl: + EtOH +Me,CHX _ CH; 


(slow) 
2-Menthene (100%) 
In the thermodynamically more stable conformation of neomenthyl chloride, the two 
relatively bulky alkyl groups are in equatorial position and the chlorine atom is in axial 
position. There are axial 6-hydrogens at both C-1 and C-3. This substrate, therefore, reacts 
readily with ethoxide ion (EtO°) through this energetically favourable conformation (in 
which the stereoelctronic requirement for E2 reaction is satisfied) to give a mixture of 
2- and 3-menthenes. 3-Menthene predominates in the product mixture because it is 
more substituted and thermodynamically more stable than 2-menthene. The reaction is 


governed by the Saytzeff rule. 
oe + MeCH-€ CH, 


3-Menthene (75%) 


Me,CH 
‘NaOEW/EtOH| (Saytzeff product) 
e Me,CH 2 + EtOH + Ch 
(fast) 


ese tae 
chloride 


Be MeCH-{ _)-CH 


2-Menthene (25%) 
(Hofmann product) 


+ EtOH + :Cl” 
8. Explain the ee observations: 


NaOEt, 
“EtOH” 
aol 


NaOEt, 
(b) “EtOH” 
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Solution 
(a) The bulky tert-butyl group being an anchoring or holding group holds the smaller 
substituent Br axial. The compound I, therefore, undergoes dehydrobromination in 
the presence of base because the stereoelectronic requirement for the E2 reaction 
is satisfied. An unsaturated acid (salt) is obtained. 


Br 
LD alt caom jon eer 


+ EtOH + Br: 


(b) Incompound II, the tert-butyl group holds both the Br atom and the —COOH group 
axial. Because of this, it undergoes base-induced decarboxylative debromination to 
give aii ace! 


LT | [ee Lhe = LI + CO, + Br 


II a AH % Gon, 


9. The compound A undergoes debromination in the presence of I° but the 
isomeric compound B does not. Explain these observations. 


Br 
Br 
Br 
A Br B 


Solution In compound A, the tert-butyl group (an anchoring or holding group) holds the 
smaller Br atoms axial. Since the stereoelectronic requirement for the E2 reaction is sat- 
isfied in this more stable conformation, the compound undergoes ready debromination in 
the presence of I°. 


Br 
+> — + I re oD i 
A Br 


On the other hand, the tert-butyl group in compound B holds the two bromine atoms 
equatorial. Since the stereoelectronic requirement for the E2 reaction is not satisfied in 
this more stable conformation, the compound does not undergo debromination to yield an 
alkene. 
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10. Account for the following aie eee 


O ZO 
Buu aur 
x “EtOH ” =e 
Br 
(b) ye FOES 0" D Naort . 
l EtOH” oa” 


III IV 
Solution 

(a) In lactone I, bromine is axially oriented and there is an axial hydrogen on the 
adjacent carbon. Therefore, the stereoelectronic requirement for E2 reaction 
is satisfied in this compound and so, it undergoes facile dehydrobromination in 
the presence of base. On the other hand, the isomeric lactone II, because of its 
rigidity, cannot flip to the axial-bromine conformation. Since the stereoelectronic 
requirement for E2 is not satisfied, therefore, this lactone does not undergo base- 
induced dehydrobromination. 


OEE _O 
oor 
20 


O ZO H O Zo 
_ NaOEt/EtOH 
= —__——> 
eS = E2 
Br 
I Br 
—e" 
O—/* o H 
is = —EE No E2 reaction 
Br. 
Br I (a rigid system 
that cannot flip) 


(b) The compound III undergoes base-induced dehydrochlorination (E2) through the 
conformation in which the Cl atom is axial and anti-periplanar with the adjacent 
axial hydrogens to yield 1,3-dideuteriocyclohexane. 
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D 
D D Cl 
oe a _ NaOEt D 
— a D EtOH Si + EtOH 
| ‘a . F E2 +cl° 
2 H or ee 1, 3-Dideuteri 
me : t , d-Viaeuterio- 
a EtO2 A ° cyclohexene 


The diastereoisomeric compound IV, on the other hand, undergoes base-induced elimination 
of DCl to yield 3-deuteriocyohexene because in the axial-chlorine conformations the two 
adjacent D atoms are also axially oriented. 


O 
es “[~Te VA 3 “HOH” ee G) + EtOH + Cl° 


Eto? YP 


11. Predict the major product in each of the following reactions and explain 
its formation: 


OH 
Ce OH? OH OH® 
(a) Ph 0? (b) mL <P 6? 
Br Br 
OH 
oH? OH on® 
(e) eg a @) py Br or Ag, 0/0 


Solution 
(a) Since —OH and —Br are anti-periplanar; therefore, S,2 type displacement leading 
to the formation of an epoxide is the preferred reaction in this case. Ag,O(Ag*) can 
also initiate the reaction by co-ordinating with Br atom as a Lewis acid. 


OH? 
Ph Syn2 7 Ph 
Br 


(b) Since H and Br atoms are anti-periplanar; therefore, the compound undergoes E2 
elimination to yield an enol which readily tautomerizes to the more stable keto 
form (a cyclohexanone derivative). 
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Hw OH 7OH 0 
2, ~ = 
OH —= ~ Py 
Ph Ph Ph 
Br 


+ HO + Br®° 4-Phenylcyclo- 
“ hexanone 

(c) The more stable conformation of the compound has no proper stereoelectronic 
situation for either epoxide formation (by Sy2 attack) or E2 elimination. 
Elimination of HBr leading to the formation of 4-phenylcyclohexanone occurs only 
after ring inversion because in that conformation the stereoelectronic requirement 
is satisfied. However, the rate of the reaction is slow because the conformation 
suffers from syn-axial interactions. 


OH 


Ph Br 
(more stable) 


H 4-Phenylcyclo- 
(less stable) hexanone 
(d) The relatively less stable conformation of this compound undergoes an internal 


Sy2 reaction in the presence of alkali to yield an epoxide. However, because of syn- 
axial interactions, the reaction is slow. 


PEO Ht _ Ph 


(more stable) i. L 6) 
‘ 


(less stable) 
In the presence of Ag,O(Ag”), a cyclopentanecarboxaldehyde derivative is obtained 
by bond migration and this is because Ag® induces the departure of equatorial 


bromine by acting as a Lewis acid. The C—Br bond is now anti to the C-1—C-6 
bond. 


@ te 
5 WOH CH=0: -GH® CHO 
,OH pgs “Cag AEBS tf 
Ph Br: R 3 8 “bond H 
- a 2 shift Ph Ph 


3-Phenylcyclo- 
pentanecarboxaldehyde 
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12. The tosylate A and the tosylate B yield the same product when heated 
with a base: 


OTs OT 
HO ~~ 
OH 
A 


Predict the product and provide reasonable mechanisms for these 
transformations. 


Ss 


Solution The product is an unsaturated ketone. The fragmentation reactions leading to 
the formation of this ketone take place as follows: 


7OTs 
- :B :B 
1107 “ant ee oa. 
O sf 
(Z)-Cyclodec-5-enone B\ Lf ? 


® i) 
+BH+ OTs 


OTs 
B 


13. What happens when each of the following heterocyclic ring systems 
(I and II) are heated? 


CH; CH; 
NS NO 
7 LEI 
Cl 
I II 


Solution Heterocyclic ring systems having chair-like conformation similar to cyclohexane 
derivative may undergo fragmentation reaction if the stereoelectronic effect is helpful. 
When the compound I is heated, it undergoes concerted fragmentation reaction because 
the stereoelectronic effect is now helpful. On the other hand, the compound II does not 
undergo concerted fragmentation reaction because, due to axial orientation of Cl, there is 
no favourable stereoelectronic situation. 
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CH 
OM CH; ‘ 3 
No n° . 
A 
c > (hte da, OO ° 
; cr ci) 
II 
Me ; 
anti-bonds ‘i Syn-bonds 


| 
© éN=CH, 
oa cP 
An iminium salt 


14. Give mechanistic explanation for each of the following observations: 
Me 


Me 
| ~ Br 
NaOEt/EtOH 
@ Cf Nonmon, 


trans-1-Bromo-2 CHEr) 3-Methylcyclohexene 
methylcyclohexane (100%) 
Me Me Me 
.OH 
= e 
b) o ao : 
trans-2-ethylcyclo- 1-Methylcyclohexene 3-Methylcyclohexene 
hexanol (major product) (minor product) 


Solution 
(a) trans-1-Bromo-2-methylcyclohexane undergoes E2 dehydrobromination when it is 
heated with sodium ethoxide in ethanol. For a facile E2 elimination, the ring must 
flip to the diaxial conformation in which the departing groups are anti-periplanar. 
Since in this conformation the only axial hydrogen f to the axial bromine is situated 
at C-6, therefore, the reaction leads to the formation of 3-methylcyclohexene 


exclusively (100%). 
ay Me 
Me EtO:’ Me 
-Br 
ws — E2 “ 
— ie — + EtOH + ‘Br 

Br 3-Methylcyclohexene 
(e, e) (a, a) (Br (100%) 


trans-1-Bromo-2-methycyclohexane 
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When trans-2-methylcyclohexanol is heated in the presence of an acid, it 
undergoes acid-catalyzed dehydration by the E1 mechanism. The alcohol becomes 
protonated and then loses water to form a carbocation. The carbocation may lose 
two B-hydrogens (from C-2 to C-6) to form to alkenes. Since the transition state 
leading to the more substituted alkene (the Saytzeff product) 1-methylcyclohexene 
is relatively more stable than the transition state leading to the less substituted 
alkene-3-methylcyclohexene, therefore, the former alkene is obtained as the major 


product. 
1° Me Me 
~OH “ 
Cr ya _ 
= — 
(e, e) 
r st r it 
_-OH» Me 
Me _--H (a) | 
ou Om ®), cr 
L J ~~H 6+ 
TS. L OH: | 
(more stable) TS. 
(less stable) 
Me Me 
® ® 
b+ CO on: 
1-Methylcyclohexene 3-Methylcyclohexene 
(major product) (major product) 


15. Draw the structure of an isomer of benzene hexachloride which does not 
undergo E2 dehydrochlorination and explain why it is unreactive. 


Solution The (e, e, e, e, e, e) isomer of benzene hexachloride or its conformational diaste- 
reoisomer (a, a, a, a, a, a) does not undergo E2 dehydrochlorination when treated with 
base. This is because in both of these forms, no Cl and H atoms are diaxially oriented, i.e., 
in none of two forms, the stereoelectronic requirement for the E2 elimination is satisfied. 


Cl ic " 
Cl a Cl _ 
all-equatorial form Cl Cl 


all-axial form 
Benzene hexachloride 
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16. Account for the ‘— observations: 


Me3C Me3C OH 
a AND, (b) Ken) NENG: 
H " H 
Me3C Mes3C OH 
et NaNO,/HOL, (d) ay atu! 
H Nie 


Solution 


The very bulky —CMe, group (a ‘locking group’) hold a molecule nearly exclusively in that 
particular conformation in which it occupies an equatorial position. 


Me3C 
__HNO, O—H 
er = wey Ln, BOR Nengee Me Lass 


Np ' bond migration 
10° i 
ee ee Sse Mee H 
04 
Bond migration occurs because the C-1—C-6 bond is anti-periplanar with the 


® 
C— Nebond. 


MesC 
__ HNO, 


—N: | pona migration 


H 
\ -H30° / : : ! 
<< C 
Me3C CHO Me3C Vo 


a 
H,O: 


Presence of —OH in the axial position makes no difference in product. 
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Me3C H aan 
= OH ae s 
e CH ~ MesC (NaNO,/HCl) 3 
H OH 
NH» NH, 


@ 
e ZQyH No 


Z 7 2 
gaa an. HP shift 
Me3C MesC 20! 


® 
Hydrogen being anti-periplanar with resepect to the — Ne group migrates to form 
4-tert-butylcyclohexanone. 


we 
__ HNO, 
RY 
O: 
-H,0® 
Mes3C Me3C 


An epoxide is found because the axial —OH group is in proper position for backside 


attack (Sy2). 
17. Propose a reasonable mechanism for the following reaction 
OH OH Br 
NaOH HBr | A 
or ee oe Me + Me 
7 Me 7 Me | Me 
Cl Br OH 
I I 


Solution 


The reaction proceeds through an intramolecular Sy2 followed by an intermolecular Sy2 
to give these two isomeric products (I and II). 


1. 
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7.77 
OH 
| Me 
Cl Me ‘ata 
a eee He cl. On H 
; Me Ce = Wee 
Cl A tel 
Y H 4 Intramolecular 
H = H _ prt -cl Sy2 
Bre 
Br: 
‘Br? are Intermolecular 
H 
H OH 
M M 
Br Gy Cas H H N Gy Br 
Br I On 


STUDY PROBLEMS 


Which of the following two isomeric halocyclohexanes (I and II) would you expect 
to be more reactive in an Sy2 reaction and why? 


Ce) Gey 
H H 
H Br H H 
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2. Explain the following observations: 


OH O 
CH,CH,Cl _ox®, 
EtOH 


I A 
Cl 
CH,CH,Cl _OH° cc, P dala 
EtOH 
B C 

II 

3. Rank the alkyl bromides in order of increasing Sy2 reactivity and give your 
reasoning: 


Br Me 
ew) ees " Lf . 
I I Ill 


4, Give structures, including stereochemistry, of compounds A and B in the following 
sequence of reactions: 


OH ‘Py LiBr 
ce ets + ON<XO>—s0,C1 7 a> B 


5. Among the following two isomeric bromohydrins I reacts with alkali to form an 
epoxide but IT does not. Explain. 
H H 


| 0H | 0H 
7 “ NNBr 


a i a ae 
I I 


6. Predict the products of the following reactions and account for their formations: 


OH Cl ) 
wo OH 
@ CY (b) ws ~T “2.07 


Me 
OH 


7. Out of the three diastereoisomeric 2-bromo-1,3-dimethylcyclohexane, only one 
cannot undergo E2 dehydrobromination and the only product obtained from the 
other two is 1,3-dimethylcyclohexene. Identify these diastereoisomers and account 
for these observations. 
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‘i Me Me 
e 
M 
Me Br 
Br 
I mq #&Br Ill 


8. Arrange the following compounds in order of decreasing E2 reaction rate and 
explain the order: 


Pe oe ; _2Me 2 Me 
Yn, B r <k 


Br 


Me 
J II III 


Hine: I, II, I 


E2 rate decreases 


9. Which one of the following hexachlorocyclohexanes is the least reactive in an E2 
reaction and why? 


Cl 


“hy ya 
Cl, a je 


No ae Cl 


7 Cl Na 
II 1 IV 


10. Suggest a mechanism for each of the following reactions: 


OH Ph 
Ph Ph 
— 7 CHs 
b CH. MeOH 
Be ‘ (-HBr) 
CHs CH; 


11. When the following alkyl bromide is treated with methanol, three substitution 
products and three elimination products are obtained. Account for the formations 
of these products. 
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CH, CH,0H A+B+C , D+E+F 
—_—> eg 
CHs Substitution products Elimination products 
12. Which one of the following diols (A or B) cannot be cleaved by periodic acid (HIO,) 
and why? 
OH 
L OH 
Pa : “OH ra : “OH 
Me;3C a Me3C 


13. Predict the product and suggest a mechanism for each of the following reactions: 
COPh 


Br 

is Lf” OH? SRD 

“xylene” oe, 
NH, cle ee 

(b) ea “LAL” 


NH 
(c) m-ClCgH,COOOH oe Ph—C—O-OH 9 
: —___———_> ! 
CH)Cly , (peroxybenzimidic 


acid) 


HNO, | 9 


14. The cis- and the trans-isomer of cyclohexane-1,2-diol are treated with: (i) 1 mole of 
Ac,O; (ii) a second mole of Ac,O. Are the rates of the first and second acetylation 
reactions the same or different? Give your reasoning. 

15. Which one of the following glycols cannot be cleaved by HIO,? Give your reasoning. 


‘i 
OH OH CMes 
oe ey 
“OH Ch HO” 
OH Mec CMe; 
I HW 1 IV V 


{[Hint: Compound III; a cyclic intermediate cannot be formed with the glycol having 
two—OH groups axially oriented.] 
16. Identify the compound A: 


® 
HO,C—< >—OH > A 
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17. 


18. 


19. 


20. 


21. 


22. 


Predict the product of the following reaction: 


OH 
NH, 
NaNO,/HCI 
OH 
RO O 
Which reaction is faster and why? 
COOH 7 Ozkt 

EtOH 

(a) H,S0, 


EtOH 
(b) , (> con “s0,? CO,Et 


Which compound will be more readily oxidized by chromic acid? 


HO 
or 
OH 
I II 


Which isomer will be converted to a quaternary salt more rapidly? 
NMe, 
LRT NMe, 
or 
A B 


[Hint: B is more reactive because quaternary salt formation from A will increase 
syn-axial interaction. ] 

Predict the products of the following reaction and give mechanistic explanation for 
their formation: 


Prof" + I+ 0 + WW 
Me 


Explain the following observations: 


Cl 


Me _ KOCEt, [yf KOCEt; CH, 
oo i 


I II 


23. 


I. 


~ 
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[Hint: Since the axial B-hydrogens are in a crowded environment, therefore, the 


Q 
bulky base, CEt,, cannot abstract them to give I.] 
Give a curved-arrow mechanism for the formation of each product: 


7 O 
OHO 
(a) HO—€ mmc => OH + YQ 
trans-4-Chlorocyclohexanol 


‘He 
(b) HO—< >—cl => OH + HO—<€ > OH 
cis-4-Chlorocyclohexanol 
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INTRODUCTION 


There are a large number of chemical reactions which proceed neither through ionic 
nor through radical pathway and are insensitive to the presence of polar solvents and 
catalysts. Such reactions following a concerted mechanism involving simultaneous bond 
breaking and bond making and proceeding via a cyclic transition state which is associated 
with cyclic array of interacting orbitals of atoms are called pericyclic reactions. These 


Oeics unt antes en epicenter tse ees eee ido pede olen os Organic cherie,» Maden nniede 
reactions are classified as (i) Electrocyclic reactions, (ii) Cycloaddition reactions and 
(iii) Sigmatropic reactions (rearrangements). Pericyclic reactions are initiated either 
thermally or photochemically. Therefore, the energy of activation for pericyclic reactions 
is supplied by heat or by UV light. Since these reactions are highly stereospecific and 
reversible in nature, they draw special interest to the synthetic organic chemists. For 
the same substrate, thermal and photochemical reactions give the product with opposite 
stereochemistry. Pericyclic reactions are believed to be orbital controlled. In a pericyclic 
reaction, a set of molecular orbitals (MOs) of the reactant(s) are transformed into the 
corresponding set of molecular orbitals of the product(s) through a cyclic concerted process. 


There are three different approaches to rationalize these pericyclic reactions: 

1. R.B. Woodward and R. Hoffmann have proposed explanation based upon the 
symmetry of the molecular orbitals of the reactants and products. The theory 
proposed is known as Conservation of Orbital Symmetry (orbital symmetry 
correlation method). 

2. K. Fukuii explained these reactions on the basis of frontier molecular orbitals. The 
theory proposed is known as Frontier Molecular Orbital (FMO) approach. 

3. Hiickel-Moébius transition state (aromatic and antiaromatic TS) theory developed 
by H. Zimmerman and M.J.S. Dewar. 


8.1 CONSTRUCTION OF MOLECULAR ORBITALS 
8.1.1 2-Molecular Orbitals of Ethylene, 1,3-Butadiene and 1,3,5-Hexatriene 


1. Molecular orbitals of ethylene Two p atomic orbitals combine to form two z-molecular 
orbitals of ethylene that differ in energy. Formation of bonding and antibonding MOs on 
combination of two p-orbitals are shown in Fig. 8.1. The bonding MO zand the antibonding 
MO 7z* are designated as y, and Wo , respectively. In the ground state of ethylene, y, is 
called HOMO (Highest Occupied Molecular Orbital) as it is occupied with two electrons, 
while yz is called LUMO (Lowest Unoccupied Molecular Orbital) as it is vacant. The 
terms highest and lowest are used to indicate the energy levels of the two orbitals. Each 
p-orbital consists of two lobes, with two opposite phases of wave function indicated with 
the plus and minus signs. In the bonding molecular orbital (BMO) of ethylene, there is 
overlap of lobes having similar phase sign. This is what is called the constructive overlap. 
In the antibonding molecular orbital (ABMO), there is overlap of lobes having opposite 
phase sign. This is what is called destructive overlap. In bonding orbital, the electron 
charge is concentrated in the region between the two nuclei, thereby resulting in increased 
repulsion between the two nuclei. On photochemical excitation of the molecule, a C=C 
m-bond can be broken as diradical and then one of the z-electrons can be promoted to z* 
by absorbing energy from light of certain wavelengths. However, the spin of the electron 
does not change. This refers to ethylene in excited state when the MOs, z and z* are 
redesignated as SOMO-1 (First Singly Occupied Molecular Orbital) and SOMO-2 (Second 
Singly Occupied Molecular Orbital) or HOMO (Highest Occupied Molecular Orbital), 
respectively. 
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Node = 1 
Symmetry 
Yo | | \ C.-S; m-A 
co Se ee HOMO 
i 1* (Antibond- \ (SOMO-2) 
| ding MO) \ 
E] pAO \ Node=0 / pAO 
of C atom \ / of C atom a 2 
y, | i Op Anis HOMO (SOMO-1) 
Ground state Excited state 
mt (Bonding MO) 


Fig. 8.1 Molecular orbitals of ethylene 


A node is a plane at which any wave, including an electron wave (orbital), is zero, i.e. 
when an electron is in a given MO, there is zero probability of finding the electron, or 
zero electron density, at the node. The bonding molecular orbital of lowest energy, y;, has 
no new nodes (it has already a node in the plane of the molecule, which is a node of the 
component 2p-orbitals. Wo has one new node. Each molecular orbital of increasing higher 


energy has one additional node. 


2. Molecular orbitals of 1,3-butadiene In 1,3-butadiene, with four component p-orbitals, 
there are four molecular orbitals for 2 electrons. We can get the four new MOs in a 
number of equivalent ways. One of the ways to obtain four new molecular orbitals is by 
linear combination of two molecular orbitals of ethylene. This is shown in Fig. 8.2. These 
four new orbitals are indicated as Wy, W, Ws and Wa: The lowest energy MO, y, has 
no new nodes and the bonding is best here. The next higher MO, y. has one new node 
between C-2 and C-3. Likewise y, has two new nodes and y, has three. Therefore, the 
energy of MOs gradually increases from y, to Va . These four MOs may also be classified 
by S (symmetric) and A (antisymmetric) with respect to a plane passing through the 
middle of C-2—C-3. Of the four electrons, two are occupied in y, and two are in YW in the 
ground-state of butadiene. In this case, yw. is HOMO and W3 is LUMO. The ground state 
electronic configuration of 1,3-butadiene is viyeysWs - When butadiene is irradiated 
photochemically by absorption of a photon of UV light, one electron from Wo is promoted 


to w3 and the electronic configuration of the excited state becomes Vi¥2V3 V4. In this case, 
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y, is LUMO and W3 is HOMO. The singly occupied y, and Vs may also be designated as 
SOMO-1 and SOMO-2 respectively. Due to presence of single electron in y as well as in 


the antibonding MO, V3 , the molecule in the excited state is less stable than when it is in 


the ground state. 
Symmetry 


.Co-S; m-A LUMO 


Antibonding MOs 
a 
* 


LUMO HOMO 
eS DoE hy, lec, eee nee 
Yo; ! .Co-S; m-A aaa + 
; \ HOMO 
fe) / Node = 1 \ 
E a T C Be Re ; Tl 
io] x / 
q \ ; 
S \ / 
aa \ ! 


wy ' ; C,-A; m-S = =e 


Ground state Excited state 


Fig. 8.2 Molecular orbitals of 1,3-butadiene 


3. Molecular orbitals of 1,3,5-hexatriene Since 1,3,5-hexatriene is a conjugated system of 
three C=C bonds, it involves a total of six molecular orbitals which are designated as yy, 


Wo, Wa; Was Vs and Ve . The first three MOs y, to yy are filled in the ground state and are of 
lower energy and bonding. The remaining three Va to Vo are empty and of higher energy 
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and antibonding. On photochemical irradiation of the triene molecule one of the electron 
is promoted from wy, to w,. Therefore, the electronic configuration of the molecule in the 


Fig. 8.3. 
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Oo Node = 2 
= 
E| 2 
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) i 
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Node = 1 
AM mn —— +) | 4h 
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Fig. 8.3. 7 Molecular orbitals of 1,3,5-hexatriene 
8.1.2 Molecular Orbitals of Conjugated Ions and Radicals 


1. Molecular orbitals of allyl system There are three types of allyl system: cation, radical 
and anion. Regardless of the number of z electrons, there are three component p-orbitals, 
one on each carbon, and they give rise to three molecular orbitals y, yw. and Ws. 
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CH,—CH—CHy, CHy)=CH=CH, CH)CH—CH, 
: s j : . ; : : 
Allyl cation Allyl radical Allyl anion 


(a 2n electron system) (a 3zelectron system) (a 4m electron system) 


As shown in the Fig. 8.4, y, is bonding and yz is antibonding. The MO yw. encompasses 
only the end carbons (there is a node at the middle carbon) and it has the same energy as 
on isolated p-orbital. Therefore, it is non-bonding. y, has no additional nodes and yz has 
two additional nodes (between C-1—C-2 and C-2—C-3). Allyl cation has z electrons only in 
the bonding orbital. Allyl radical has one electron in the non-bonding orbital as well, and 
allyl anion has two electrons in the non-bonding orbital. 


Electron occupancy 
Symmetry | 


S 
= 1)! \ 
a tt C,-A; m-S Y y 
T= Node = 2 
see vt f Cy; m-A + | | + * 4 | | 4 
iS LUMO) |HOMO| [HOMO HOMO! 
= Node = 1 : 
on 
i= 
ne} 
e HOMO 
Node = 0 JLo 
E Ground Excited Ground Excited Ground Excited 
C state state a state state ve state state 
YY a ye 
Zm~e aio} Z~o 
(cation) (radical) (anion) 


Fig. 8.4 2-Molecular orbitals of allyl system 


2. Molecular orbitals in pentadienyl system Although the total number of MOs is five, the 
situation in this case is very similar to that of the allyl system. The MOs are shown in the 
following figure (Fig. 8.5). 


CH, seeee CH Penn CH ore CH= CH, CH, ee CH ees CH Lage CH= CH, CHe sie CH are CH: es CH= CH, 


~~ 


® . 8 
Pentadienyl cation Pentadienyl radical 


Pentadienyl anion 
(a 4x electron system) (a 5x electron system) 


(a 6n electron system) 
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Fig. 8.5 -Molecular orbitals of pentadienyl system 


8.1.3 Frontier Molecular Orbitals (FMO) 


Pericyclic reactions proceed through cyclic transition states. Therefore, there occurs a high 
degree of ordering, i.e., loss of entropy (AS* = —ve) in the T.S. which may not be favourable 
for a reaction to take place smoothly. Hence, to overcome the loss of entropy (AS*), the 
enthalpy (AH*) of formation of T.S., must be high enough, ie., it must be sufficiently 
negative, so that AG? term becomes negative (AG? = AH* — TAS*) to make the reaction 
feasible. A high negative value of AH* requires a high degree of bonding through a very 
good overlap of MOs in the transition state. It, thus, follows that the success of a pericyclic 
reaction depends on the extent of orbital overlapping in the T.S. 
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A good orbital overlapping between two molecules or two parts of a single molecule, say, I 
and II, depends on the following factors: (i) the type of orbitals (2p-2p, 2p-3p, 2p-4p, etc.) 
involved in overlapping, (ii) the electron content of the orbitals, i.e., whether they are filled 
or vacant or one is vacant and another is filled, (iii) the energy of the overlapping orbitals, 
(iv) the stereochemistry of the orbitals involved and (v) the phase sign of the overlapping 
orbitals. When a filled orbital of one component interacts with a vacant orbital of another 
component of comparable energy and same phase sign (i.e., when the combining orbitals 
have the same symmetry property), a perfect overlap of molecular orbitals takes place. 
This can be verified from Fig. 8.6 by considering all sorts of orbital interactions possible 
when the component X approaches the component Y. The MOs in the centre in each of the 
figures (a and b) are the approximation of two of the orbitals in the T.S. The best bonding 
interaction takes place when HOMO of X overlaps with LUMO of Y (Fig. 8.6a) and this 
is because there occurs largest drop of energy on bonding. The energy drop is much less 
when HOMO of X overlaps with the HUMO (Highest Unoccupied Molecular Orbital) of Y 
(Fig. 8.6b) and therefore, this interaction is less effective. If the HOMO of X is considered 
to overlap with HOMO of Y, both bonding and antibonding molecular orbitals have two 


electrons in each. This corresponds to the bond order = 5 x (N, — N,) = 5 x (2 — 2) 


= 0. This indicates that there is no bonding at all. The interaction of other occupied and 
unoccupied orbitals also causes reduction of T.S. energy but the amount is much smaller 
than that of the HOMO-LUMO interaction. The question of bonding by the overlap of two 
unoccupied orbitals does not arise because there is no electron in those orbitals. Therefore, 
it becomes clear that HOMO and LUMO lead to successful bonding on their overlap. These 
are sometimes collectively called Frontier Molecular Orbitals (FMO) because they are the 
molecular orbitals at the energy extremes: the HOMO is the occupied molecular orbital of 
highest energy, and the LUMO is the unoccupied molecular orbital of lowest energy. The 
analysis of pericyclic reactions focuses heavily on the symmetries (m and C,) of frontier 
orbitals. The importance of HOMO and LUMO in determining the course of a concerted 
reaction may also be considered as follows. The electrons in the HOMO of a molecule are 
like the outer shell electrons of an atom. They can be removed with least expenditure of 
energy because they are already in the highest energy level than any of the other electrons 
in the molecule. The LUMO (Lowest Unoccupied Molecular Orbital) of a molecule is the 
orbital to which electrons can be transferred with the least expenditure of energy. The 
higher the energy of HOMO of a molecule, the more easily the electrons can be removed 
from it. On the other hand, the lower the energy of LUMO of the molecule, the more easily 
the electrons can be transferred into it. Hence, the interaction between a molecule with 
a HOMO of higher energy and a molecule with a LUMO of lower energy is particularly 
strong. 
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A —— 
LUMO LUMO 
A - A 
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HOMO HOMO 
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E | (a 6n electron (a 4n electron 
system) system) 
HOMO-LUMO interaction HOMO-HUMO interaction 
(a) (b) 


Fig. 8.6 Energy diagram for the interaction of two MOs 


Application of FMO theory The FMO theory states that a pericyclic reaction reaction will be 
allowed if there occurs a favourable interaction (i.e., in-phase interaction) between HOMO 
and LUMO and will be forbidden if there occurs an unfavourable interaction (out-of-phase 
interaction) between them. This method is very useful in deciding whether the transition 
state of a pericyclic reaction will be stabilized as the reaction begins to take place. For 
example, the thermal [7 + z’] cycloaddition reaction between two ethylene molecules 
does not occur at all, while the [z* + z’] cycloaddition reaction between 1,3-butadiene 
and ethylene occurs smoothly, i.e., the reaction is thermally allowed. If we consider the 
frontier orbital interactions for both the reactions, we see that in the [2 + 2] cycloaddition 
reaction, there is an antibonding (out of-phase) interaction at one end and hence this 
causes no net stabilization of the TS. But in [4 + 2] cycloaddition reaction, there occurs 
bonding (in-phase) interaction at both ends and hence this causes net stabilization of the 
T.S. In fact, the symmetry is conserved during the course of [4 + 2] cycloaddition reaction 
and the process is known as symmetry allowed process and the symmetry is not conserved 
during the course of [2 + 2] cycloaddition reaction and the process is known as symmetry 
forbidden process. The energy of the T:S. of symmetry-allowed process is always lower 
than the symmetry forbidden process. 
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8.1.4 Thermal and Photochemical Pericyclic Reactions 


The normal electronic configuration of any molecule is called the ground state. Energy 
from absorbed light is used to promote an electron from the HOMO of ground-state 
1,3-butadiene (y,), for example, into the LUMO (ws) . A species with a promoted electron 
is called an excited state. Pericyclic reactions can be differentiated according to whether 
they are thermal or photochemical. A thermal pericyclic reaction is any pericyclic reaction 
not activated by light, i.e., such reactions occur through molecular ground states. A 
photochemical pericyclic reaction is any pericyclic reaction activated by light, i.e., such 
reactions occur through molecular excited states. 


Pt SOUVED PROBLEMS 


1. What is called ‘Perturbation Theory’? How would you show that the 
energy (E) of molecular orbitals is equal to a + 8? What are the energies of 
y, and Wo of ethylene? 


Solution The description of molecular orbitals in terms of interacting atomic orbitals 
(AOs) is called ‘Perturbation Theory’. When two atomic orbitals coming together perturb 
each other, two molecular orbitals (MOs), one with higher energy than either atomic or- 
bital and one of lower energy, are obtained. The extent of interaction of two atomic orbitals 
can be described using three parameters. 
(i) The Coulomb integral, a, which denotes the energy of the isolated atomic orbital. 
(ii) The Overlap integral, S, which denotes a measure of the extent of the overlap 
between the interacting atomic orbitals. 
(ii) The resonance or bond integral, B, which is related to the energy of interaction. 


The energy, E, of the molecular orbitals formed from atomic orbitals A and B can be 
expressed in terms of these parameters as follows: 


(cy — E)( Og — E) = (B - SE? (1) 
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If the two atomic orbitals are degenerated, a, = Op = a, then the equation (1) becomes 
(a— E) = +(B— SE)’, or (a— E) = +(B— SE) 


Therefore, | el B oe 2S B (2) 
1+8S 1-S 


If the overlap integral S is neglected for simplification, the energy of the molecular orbitals 
becomes 


E=a+B (3) 


where (~@ + 8) represents the energy of bonding molecular orbital and (~— f) represents the 
energy of antibonding molecular orbital. The z-bond in ethylene can be treated in isolation 
as the interaction between two unhybridized p-orbitals, independent of the o-framework, 
which lies in a plane perpendicular to them. Their mutual perturbation generates one 
bonding and one antibonding pi-molecular orbitals having energies given by the equation 
E=az+ fp. Therefore, the energies of y, and Wo of ethylene are ~+ Band a— B, respectively. 
2. Indicate the following numbers for 1,3,5-hexatriene: 
(a) no. of interacting p-atomic orbitals, (b) no. of molecular orbitals formed, 
(c) no. of BMO (Bonding Molecular Orbital), (d) no. of ABMO (Antibonding 
Molecular Orbital), (e) no. of NBMO (Non-bonding Molecular Orbital) and 
(f) no. of z electrons. 
Solution 


(a) No. of interacting p-atomic orbital = 6, (b) No. of molecular orbitals formed = 6, (c) No. 
of BMO = 8, (d) No. of ABMO. = 3, (e) No. of NBMO = 0, and (f) No. of z electrons = 6. 
3. Draw the LUMO of pentadienyl anion and cation at the excited state 
indicating nodes and symmetry. 
Solution 
MOs at the excited state Node Cy m 


LUMO of pentadienyl cation 


A = Antisymmetric, S = Symmetric 
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4, Indicate the following MOs as bonding, antibonding or non-bonding MO: 


Solution 
MO diagram No. of bonding interaction Type of MO 
(a) (—1) + (-1) + (-1) + (-1) =-4 Antibonding MO 
(b) (-1)+1+(-1)=-1 Antibonding MO 
(c) +14+04+0+04+0+1=+2 Bonding MO 
(d) 0+0=0 Non-bonding MO 
(e) +1+0+04+1=+42 Bonding MO 
(f) 
+1+(-1)+14+(-D+1=4+1 Bonding MO 


2 Le rr cee ce cee eve eee hooked 
5. Write down the answers of the following questions for 1,3,5-hexatriene 
(CH,=CH—CH=CH—CH=CH,) containing six carbon atoms. 
(a) How many z-molecular orbitals are there in this molecule? 
(b) Classify the molecular orbitals as symmetric or antisymmetric about 
a reference plane passing through the centre of the molecule and 
perpendicular to the plane of the molecule. 
(c) Indicate the bonding and antibonding molecular orbitals. 
(d) Indicate the FMOs. 
(e) Within the excited state HOMO, is the phase at the terminal carbons 
the same or different? 
(f) Within the excited state LUMO, is the phase at the terminal carbons 
the same or different? 
Solution 
(a) Since there are six p-atomic orbitals in the molecule, the number of z-molecular 
orbital is six. 


cb) a re 


Y6 - 
Ys 
Ya - 
Ps 
Po s 
Wy ss 
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(c) Y, y% and y are bonding MOs and War Vs and Ve are antibonding MOs. 
(d) ws is HOMO and y, is LUMO. 


(e) wy, in the excited state HOMO and within it the phase at the terminal carbons is 
different. 

(f) ws is the excited state LUMO and within it the phase at the terminal carbons is 
the same. 

6. (a) What are the two important differences between the MOs of 
conjugated ions (and redicals) having an odd number of carbon 
atoms and those of conjugated alkenes? 

(b) How would you explain that the charge in the allyl anion resides only 
on the terminal carbons, a point deduced from resonance arguments? 
Solution 

(a) The two important differences between the MOs of conjugated ions (and radicals) 
having an odd number of C-atoms and those of conjugated alkenes are: (i) in each 
ion or radical, one MO is neither bonding nor antibonding, but has the same energy 
as the isolated 2p-orbitals; this MO is called a non-bonding molecular orbital. 
The non-bonding MO in an allyl system is y.. The remaining orbitals are either 
bonding or antibonding, and the number of each type is the same; (ii) in some of 
the MOs, nodes pass through carbon atoms. For example in the allyl system, there 
is a node on the middle carbon of w. 

(b) Inallyl anion, there is a node on the middle carbon of y.. This means that electrons 
in yw have no electron density on the middle carbon. Because of this, the charge 
in the allyl anion resides only on the terminal carbons, a point deduced from the 
resonance structures of allyl anion. 


No charge 
at this carbon 


2 Q 
|CH,=CH— CH, <—»> CH, -CH=CH,| 


Allyl anion Resonance structures of allyl anion 


7. What do you mean by symmetry-allowed and symmetry-forbidden 
reactions? 


Solution In the case of FMO approach to a pericyclic reaction, when the terminal orbitals 
of HOMO and LUMO overlap in the same phase leading to bonding interaction, then it is 
called a symmetry-allowed reaction but when the HOMO-LUMO overlap is not a bonding 
interaction, then it is called a symmetry forbidden reaction. 
8. Draw the molecular orbitals of allyl system by the use of the linear 
combination of molecular orbitals of one ethylene molecule and one 
p-atomic orbital. 
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Solution Since in an allyl system linear combination takes place between one ethylene 
MO and one p-orbital, we need to look at the results of the 7+ p and z* + p interactions. 


. | 
w= p| Wu =m +p 
ah 7 p-atomic 
‘ /\ orbital 
Ethylene. 
E 
“em 


Construction of MOs of allyl system 


The ethylene bonding orbital, z gives linear combination with p-atomic orbital in a bonding 
way and moves down in energy to give y,, whereas it gives the linear combination in an 
antibonding way to move the p-orbital up in energy (yw, = 2—p). The ethylene antibonding 
orbital (z*) gives linear combination with p-orbital in a bonding way to push the p-orbital 
down in energy (y,’ = 2* + p), whereas it gives the linear combination an antibonding 
way to push p-orbital up in energy to give Wa . The net result in the energy change (z— p) 
and z* — p) interactions is zero. Under this situation a nodal plane passes through the 
central carbon of the chain. This means that electrons in y, have no electron density on 
the central carbon. Thus, y2 must be a non-bonding molecular orbital. Thus, the molecular 
orbitals of the allyl system can be represented as follows: 


yz (antibonding MO); m(S), C,(A) 


y, (non-bonding MO); m(A), C,(S) 


y, (bonding MO); m(S), C.(A) 


moore 


m-Molecular orbitals of allyl system 
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Po CM STUDY PROBLEMS DO 


1. 


2. 
3. 


10. 


11. 


12. 


13. 
14. 


15. 


What is meant by ‘pericyclic reactions’? Give classification of pericyclic reactions 

with examples. 

Write down some important characteristics of pericyclic reactions. 

What do you mean by the FMO approach for analysing pericyclic reactions? Give 

an example. 

What is meant by ‘conservation of orbital symmetry’? What are the symmetry 

elements which control the course of a pericyclic reaction? 

What do you mean by the terms HOMO, LUMO, HUMO, SOMO and LOMO? 

Justify the following statements: 

(a) A reaction occurs easily if the energy gap between the interacting FMOs 
decreases. 

(b) Interaction between molecular orbitals of different symmetry does not provide 
any net stabilization to the transition state of the pericyclic reaction. 

How would you construct the z-MO diagram of the following molecule ions? 

(a) 1,8,5,7-Octatetraene, (b) 2,4,6-Heptatrienyl cation, (c) 1,3,5-Hexatriene, 
(d) allyl anion. 

Draw the z-MOs of the following species as specified: 

(a) HOMO of 1,3,5,7-octatetraene at the ground and excited states. 

(b) LUMO of pentadieny] cation at the ground and excited states. 

Draw the z-MO y, of 1,3,5,7,9-decapentane. State whether ys is (i) symmetric 

or antisymmetric with respect to the reference plane passing through the centre 

of the molecule and perpendicular to the plane of the molecule, (ii) bonding or 

antibonding, and (iii) a HOMO or a LUMO. 

(a) Which MO of 2,4,6-heptatrienyl cation is non-bonding? 

(b) Classify each MO of this cation as symmetric and anti-symmetric. 

(c) To which carbon atoms in this cation is the positive charge delocalized? 
Explain with both molecular-orbital and resonance arguments. 

Explain why the unpaired electron in the allyl radical is delocalized to C-1 and C-3 

but not to C-2 using molecular-orbital argument as well as resonance argument. 

Sketch the pi molecular orbitals of the allyl system. Give the electron occupancy in 

allyl cation, allyl anion and allyl radical. 


Explain why the energy of Vs of 1,3,5-hexatriene is less than that of Ve : 
Sketch the z molecular orbitals of: 


® ie! 
(a) CH,-CH=CH—CH—CH, (b) CH,-CH=CH—CH—CH, 


What do you mean by the terms ‘constructive overlap’ and ‘destructive overlap’. 


8.2 ELECTROCYCLIC REACTIONS 


An electrocyclic reaction is a concerted opening of a cycloalkene or closing of a conjugated 
polyene through the conversion of a o-bond to a z-bond or the reverse. These reactions are 
induced either thermally or photochemically. A notation with curved arrows is helpful to 
understand the bond cleavage and bond formation as shown below: 
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Act hv Aor hv 
i (ring closure) 
(ring closure) - 
(ring opening) 


(ring opening) 


1,3-Butadiene Cyclobutene 1,3,5-Hexatriene 1,3-Cyclohexadiene 


Although these reactions are reversible and the ring closure occurs with the formation 
of a strong o-bond at the expense of a weaker z-bond, the ring closure of 1,3-butadiene is 
slower than the ring closure of 1,3,5-hexatriene and this is because the former reaction 
leads to the formation of a strained (thermodynamically less stable) cyclobutene system. 
The interesting feature of electrocyclic reactions is that the stereochemistry of the product 
obtained when a given compound is subjected to electrocyclic reaction thermally is just 
opposite to that of the product when the reaction is carried out photochemically. For 


example: 
AS a Menon _bvy, KS. 
H M Me Me 
Me H “le H H H H 
(2Z, 4E)-2,4-Hexadiene cis-3,4-Dimethy]l- (2E, 4E)-2,4-Hexadiene 
cyclobutene 
2 3 2 3 
6 5 Me HH Me 6 5 
Me H Me Me 
trans-5,6-Dimethyl- (2E, 4Z, 6E)-2,4,6- cis-5,6-Dimethyl-1,3- 
1,3-cyclohexadiene Octatriene cyclohexadiene 


8.2.1 Frontier Molecular Orbital (FMO) Approach for Electrocyclic Reactions 


For electrocyclic ring closure, the HOMO of the acyclic polyene is to be considered, while 
for electrocyclic ring opening, the HOMO of the alkene part and the LUMO of the o bond 
of the cycloalkene are to be considered. During cyclization, two terminal p-orbitals of the 
HOMO of a polyene overlap in-phase in order to have bonding interaction to form a C—C 
o-bond and for this, the terminal p-orbitals may rotate either in the same direction or in 
opposite directions. However, the actual direction of rotation of p-orbitals depends on the 
symmetry property of the HOMO of the concerned polyene. When the HOMO of the polyene 
possesses m-symmetry, the p-orbitals are to rotate in opposite directions (one clockwise 
and the other counterclockwise, — ~% or ~V) to give the product with m-symmetry and 
when the HOMO of the polyene possesses C.-symmetry, the terminal p-orbitals are to 
rotate in the same direction (both clockwise, ~~ or both counterclockwise, >) to give 
the product with C.-symmetry. The former mode of cyclization is said to be disrotatory and 
the latter mode of cyclization is said to be conrotatory. 
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Symmetry in HOMO Mode of rotation 


m-Symmetry Disrotatory 
C,-symmetry Conrotatory 


Disrotatory motion: 


—\ a Disrotatory ring closure X Y 
(rotation in opposite directions) 
Xx Y X Y > 
AS rh ag x 
(clockwise) (counter- trans-Cycloalkene 
clockwise) 
HOMO of an acyclic WA 
polyene having m-symmetry Tacatiesl 
(only terminal orbitals are shown) \\ 
or, a, \N Y xX 
Disrotatory ring closure 
XxX Y X Y aa 
cD ie x x 
(counter (clockwise) trans-Cycloalkene 
clockwise) 


Conrotatory motion: 


“\ a \ Conrotatory ring closure X X 
(rotation in the same direction) 
> 
x yx Y VN = — - 
st ae Y Y 
(clockwise) (clockwise) cis-Cycloalkene 


HOMO of an acyclic 
polyene having C,-symmetry 


or, a, a Y Y 
Conrotatory ring closure 
Xx Y X Y 
a a a X x 
(counter- = (counter- cis-Cycloalkene 


clockwise) clockwise) 


Similar situation may arise when a cycloalkene ring opens up. Direction of ring opening 
depends on the orbital structure of HOMO of the alkene part so that in-phase sideways 
overlap of the p-orbitals is maintained in the product. Alternatively, if the ground state 
HOMO of a polyene has C.-symmetry (or m-symmetry) the corresponding cycloalkene 
ring must open in such a fashion that the o-bond orbitals become converted to the HOMO 
of the product polyene having C,-symmetry (or m-symmetry). 
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X X Disrotatory ring opening 
(rotation in opposite directions) 
> 
C » ANN x Y Y X 
“4 Y. 


An acyclic polyene 


cis-Cycloalkene 
(m-symmetry) 


X X Conrotatory ring opening 
5 (rotation in the same direction) 
> 
C are x Y x Y 
Y ¥. 


An acyclic polyene 


cis-Cycloalkene 
(Co-symmetry) 


Now, we will consider the ring-closure and ring-opening reactions under thermal and 
photochemical conditions. 


8.2.1.1 Cyclization of 4nz Systems 


1. Electrocyclic ring-closure reactions given by 1,3-butadiene and its derivatives 
is the first member of the conjugated polyene having 4nz electrons. 


VN aa 
1,3-Butadiene 


Cyclobutene 


1,3-Butadiene 


Thermal cyclization of (2E, 4Z) 2,4-hexadiene For thermal cyclization, the ground state 
HOMO of the diene, ie., YW is to be considered. Since this MO has C.-symmetry, a 
conrotatory ring-closure gives the product. Thus, when (2H, 4Z)-2,4-hexadiene is heated, 
cis-3,4-dimethylcyclobutene is obtained and this is because conrotatory motion causes the 
two methyl groups to be placed on the same side of the product molecule. Disrotatory 
motion could not place the in-phase lobes together, i.e., it does not lead bonding-interaction 
and also process is symmetry forbidden, i.e., the product is Co-asymmetric. Therefore, ring- 
closure does not take place by this fashion. 


3 4 
E Zz A Me Me 
—lW 
Yo BS : (thermal cyclization) YN 
Me H Me # H H 


(2E, 4Z)-2,4-Hexadiene cis-3,4-Dimethylcyclobutene 
I ll 


re a 
M M 
Conrotatory motion (“\/\) y - 
H (leads to bonding interaction 
mee H Wo Me\ and symmetry allowed) H H 


Ground-state HOMO 
(Co-symmetry) 


(Co-symmetry) 
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Photochemical Cyclization of (2E, 4Z)-2,4-hexadiene In the case of photochemical cyclization, 
the first excited state w3 of 1,3-butadiene is to be considered as HOMO because on 
photochemical irradiation one electron has been promoted from yo to YW - Since y3 
has m-symmetry; therefore, a disrotatory motion is required for the o-bond formation. 
Thus, when (2E, 4Z)-2,4-hexadiene is subjected to photochemical cyclization, trans-3,4- 
dimethylcyclobutene is obtained and this is because disrotatory motion causes the two 
methyl groups to be placed on the opposite sides of the product molecule. Conrotatory 
motion could not place the in-phase lobes together, i.e., it does not lead to bonding 
interaction and also the process is symmetry forbidden, i.e., the product is m-asymmetric. 
Therefore, ring-closure does not take place by this fashion. 


3 4 
Me H 
ofl ss 2Y ar 
M ma ai (photochemical cyclization) 
eV HH Me ™ H Me 


(2E, 4Z)-2,4-Hexadiene trans-3,4-Dimethylcyclobutene 
ll I 


Me H 
Disrotatory motion (7~\ “) > 
M e | (leads to bonding interaction UW 
ys 


and symmetry allowed) Me 
(m-symmetry) 
Excited BAe HOMO 
(m-symmetry) 


Thus, stereochemically different products are obtained on thermal and photochemical 
cyclization of the same substrate. 


2. Electrocyclic ring-opening reactions given by cyclobutene and its derivatives The opening 
of cyclobutene ring leading to the formation of 1,3-butadiene may be designated as [o” + 
1] ring opening because two electrons of C—C o-bond and two electrons of C=C z-bond 
are involved in this process. 


Cyclobutene 1,3-Butadiene 


Thermal ring-opening of trans-3,4-dimethylcyclobutene During thermal ring opening, the 
LUMO of the C—C o-bond interacts with the ground-state HOMO of the C=C bond (z 
of ethylene) in order to have a bonding interaction (in-phase overlap) with the p-orbitals 
of the alkene part. It requires a conrotatory ring-opening (a disrotatory motion causes 
out-of-phase overlap). Thus, when trans-3,4-dimethylcyclobutene is heated, (2K, 4E)-2,4- 
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hexadiene is obtained. It is to be noted that on energy consideration, the o part of the 
molecule (i.e., the C—C o-bond) which is less likely to be excited to its first excited state is 
used as the LUMO and the higher energy part (z part) which is more likely to be excited 
to its first excited state is used as the HOMO. 


E E 
ae (thermal eT - Me , c \ g Me 
“ Me™ HH 
trans-3,4- (2K, 4E)-2,4-Hexadiene) 
Dimethylcyclobutene 
||| HOMO of || 
ethylene 
Me H » Conrotatory motion (~~) 
eads to bonding interaction Me Me 
- H Me and symmetry allowed) lai ol 
(02477) 


LUMO of C—C o-bond 


The other mode of conrotatory motion (7%) is less preferred because the transition state 
is destabilized by the steric interaction between the two methyl groups. 


Photochemical ring-opening of trans-3,4-dimethylcyclobutene During photochemical ring- 
opening, the C—C o-bond LUMO interacts with the excited state HOMO of the alkene part 
(i.e., 2 of ethylene system) in order to have in-phase overlap of the p-orbitals. It requires a 
disrotatory ring-opening (a conrotatory motion causes out-of-phase overlap). Thus, when 
trans-3,4-dimethylcyclobutene is subjected to photo-induced ring opening, (2Z, 4E)-2,4- 
hexadiene is obtained. 


Me H 3 4 
YN wa 
Ny Met (photochemical ring-opening) H Me u Me 
trans-3,4- : 
? 2Z, 4E')-2,4-Hexadiene 
Dimethylcyclobutene : saci 
Il excited state ll 
_=— HOMO of ethylene 
( Me H ee Disrotatory motion (Wy~>) 
(leads to bonding interaction 
3) Me and symmetry allowed) H Me 
[o®s + 2s] Me H 


C—C o-bond LUMO 
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8.2.1.2 Cyclization of (4n + 2) 7 Systems 


1. Electrocyclic ring-closure reactions given by 1,3,5-hexatriene and its derivatives 
1,3,5-Hexatriene is the most simple example of a polyene having (4n + 2) electrons. As it 
contains 67 electrons, n is equal to 1. On ring closure, it forms 1,3-cyclohexadiene. 


& Aor hy, < »S 


1,3,5-Hexatriene 1,3-Cyclohexadiene 


Thermal cyclization of (2E, 42, 6Z)-2,4,6-Octatriene For thermal cyclization, the ground 
state HOMO of the triene, i.e., yw, is to be considered. Since this MO has m-symmetry, a 
disrotatory ring-closure that leads to bonding interaction gives the product. Thus, when 
(2K, 4Z, 6Z)-2,4,6-octatriene is heated, trans-5,6-dimethyl-1,3-cyclohexadiene is obtained 
and this is because disrotatory motion causes the two methyl groups to be placed on the 
different sides of the cyclic product molecule. Conrotatory motion could not place the in- 
phase lobes together, i.e., it does not lead to bonding-interaction and also the process is 
symmetry forbidden, i.e., the product is m-asymmetric. Therefore, ring-closure does not 
take place by this fashion. 


A 
H (thermal cyilization). 
H Me 


(2E, 42, 6Z)-2,4,6- trans-5-,6-Dimethyl- 
Octatriene 1,3-cyclohexadiene 
I I 
Disrotatory motion (VY) > () ( 0 () 
y NYY (leads to bonding interaction 
H and symmetry allowed) <> a> 
Me) Me a H 
Wa H Me 
Ground-state HOMO (m-symmetry) 


(m-symmetry) 


Photochemical cyclization of (2E, 4Z, 6Z)-2,4,6-octatriene In the case of photochemical 
cyclization, the first excited state Wa of 1,3,5-hexatriene is to be considered as HOMO 
because photochemical irradiation causes one electron to be shifted from ys to Wa: Since 
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Wa has C,-symmetry, therefore, a conrotatory motion is required for bonding overlap 
leading to the formation of the o-bond. Thus, when (2E, 4Z, 6Z)-2,4,6-octatriene is subjected 
to photochemical cyclization, cis-5,6-dimethyl-1,3-cyclohexadiene is obtained and this is 
because conrotatory motion causes the two methyl groups to be placed on the same side 
of the cyclic product. The disrotatory motion is symmetry forbidden, and therefore, ring 
closure does not take place by this fashion. 


hv 
(photochemical Aueclosuer 
H H 
(2E, 4Z, 6Z)-2,4,6- cis-5,6-Dimethy]-1,3- 
octatriene cyclohexadiene 


Conrotatory motion (VW) 


(leads to bonding interaction 
H and symmetry allowed) 
Me) Me “J H 
: VA (Co-symmetry) 
Excited state HOMO a-8Y. y 


(Co-symmetry) 


2. Electrocyclic ring-opening reactions given by 1,3-cyclohexadiene and its derivatives The 
opening of cyclohexadiene ring leading to the formation of 1,3,5-hexatriene may be 
designated as [o” + x“] ring opening because two electrons of the C—C o-bond and four 
electrons of two C=C z-bonds are involved in this process. 


<> Aor hv, <> 


1,3-Cyclohexadiene 1,3,5-Hexatriene 


Thermal ring-opening of trans-5,6-dimethyl-1,3-cyclohexadiene During thermal ring 
opening, the C—C o-bond LUMO interacts with the HOMO of 1,3-butadiene (wy) in order 
to have a bonding interaction (in-phase overlap) with the p-orbitals of the alkene part in 
the product triene. It requires a disrotatory ring-opening (a conrotatory motion causes 
out-of-phase overlap). Thus, when trans-5,6-dimethyl-1,3-cyclohexadiene is heated. (2E, 
4Z, 6Z)-2,4,6-octatriene is obtained. 
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A 
thermal ring-openin: g 
( g-opening) \ ' vA, 
H Me Me Me. = 
trans-5,6-Dimethyl-1,3- (2E, 4Z, 6Z)-2,4,6-Octatriene 
cyclohexadiene 


ll HOMO of Il 
2 1,3-butadiene yw 


Disrotatory motion (\~) 
een ee aia ae 
(leads to bonding interaction 
and symmetry allowed) 
H H 
A 
(os + x's) Me Me 


C—C o-bond LUMO | 


Photochemical ring-opening of trans-5,6-dimethyl-1,3-cyclo-hexadiene In photochemical 
ring-opening, the C—C o-bond HOMO interacts with excited state HOMO of 1,3-butadiene 
system in order to have in-phase overlap of p-orbitals. It requires a conrotatory ring-opening 
(a disrotatory motion causes out of phase overlap). Thus, when trans-5,6-dimethyl]-1,3- 
cyclohexadiene is subjected to photo-induced ring-opening, (2K, 4Z, 6E)-2,4,6-octatriene 


is obtained. 
hv > 
(photochemical ring-opening) Ne LD 
H 
H Me 
H Me oe 


(2E, 4Z, 6E)-2,4,6- 


trans-5,6-Dimethyl-1,3- 


cyclohexadiene Octatriene 
ll Excited state HOMO I 
of 1,3-butadiene (y;') 


Conrotatory motion (Wy) 
———_ oo _§|_ 
() () (leads to bonding interaction 
OS eo Ww and symmetry allowed) 
H 
q e [oz + 1%] Me V “4 ¥ “Me 
H Me 


[C—C o-bond LUMO] 


[The other mode of conrotatory motion (1%) is less preferred because the transition state 
is destabilized by the steric interaction between the two methyl groups.) 
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8.2.2 Woodward and Hoffmann Selection Rules for Electrocyclic Reactions 


The HOMOs of the linear conjugated polyene systems have alternating symmetry 
properties. On the basis of this, Woodward and Hoffmann were able to propose the 
selection rules for electrocyclic reactions which may be given as follows: 


All conjugated polyenes having 4n or (4n + 2) electrons and with HOMOs having Cy, 
symmetry will undergo electrocyclic ring-closure or ring-opening reactions by conrotatory 
motion and with HOMOs having plane of symmetry (m) will undergo electrocyclic ring- 
closure or ring-opening reactions by disrotatory motion. 


Number of elec- Mode of activa- Symmetry Allowed mode Stereochemistry of the 
trons involved tion of HOMO of rotation reactant and product 


(n = 1, 2, 8 ete.) Photochemical (hv) m Disrotatory . ; 7 a = as 
(n = 1, 2, 3, etc.) Photochemical (hv) Cy Conrotatory Z 3 - CE = ve 


All electrocyclic reactions are, therefore, allowed. 


1. In thermal ring opening of trans-3,4-dimethylcyclobutene, two isomeric 
products are expected to be formed by the allowed conrotatory mode of 
rotation. However, only one product is obtained. Explain this observation. 


Solution The two possible conrotatory mode of ring-opening of trans-3,4-dimethylcyclob- 
utene leading to the formation of two stereochemically different products are as follows: 


oN 3 4 
mE ee? eX 
a ————— 
! : Conrotat 2 H 
; ‘ onrotatory H3C HH CH; 


ring opening 


ICH, u; on (both clockwise) 


trans-3,4-Dimethylcyclobutene (2H, 4F)-2-4-Hexadiene 
(100%) 
Steric 


interaction 


xn 
(b) 7 Hs — wi NC 
ay : ee H H 
- ¢ both CH,/H;C 
CHsy H sgdakernscesise) 3X ‘ 


(2Z, 4Z)-2-4-Hexadiene 
(not obtained) 


Oe anes aides aetna Organic aie isuy. a aden eppieacs 
The ring opening mode (a) gives a diene in which the two terminal methyl group are further 
apart and there is no question of steric interaction between them. So, the transition state 
leading to (2K, 4#)-2,4-hexadiene is relatively more stable and the reaction takes place 
readily to give the product. The ring opening mode (b) is expected to give an isomeric diene 
in which the two methyl groups are very close and involved in severe steric interaction. 
So, the transition state leading to (2Z, 4Z)-2,4-hexadiene is much less stable and for this 
reason, the reaction does not proceed through this mode of rotation to give this diene. 
Therefore, (2H, 4E)-2,4-hexadiene is the only product obtained in this reaction. 

2. Suggest a stereospecific method for converting cis-5,6-dimethyl-1,3- 

cyclohexadiene into its frans-isomer. 

Solution When heated, cis-5,6-dimethyl-1,3-cyclohexadiene, a 6 electron system 
[(4n + 2)z, where n = 1], undergoes disrotatory ring opening reaction to give (2E, 4Z, 6E)- 
2,4,6-octatriene predominantly. This, when irradiated, undergoes conrotatory ring closure 
to give trans-5,6-dimethyl-1,3-cyclohexadiene. 


Disrotatory Conrotatory 
motion H motion 
Hoc is) CHy H CH, 
cis-5,6-Dimethyl-1,3- (2K, 4Z, 6E)-2,4, 6- trans-5,6-Dimethyl 
cycohexadiene Octatriene 1,3-cyclohexadiene 


This conversion can also be effected by carrying out photochemical ring-opening followed 
by thermal ring-closure. 
3. Which of the following electrocyclic reactions in expected to take place 
readily by a concerted mechanism thermally? 


D 
~ r D r ] 
(a) (Yon), (b) @ a a 
D 


: D 
Solution 

(a) Formation of trans-product requires conrotatory motion of the terminal p-orbitals. 
Since cyclization by this mode is not thermally allowed for (4n + 2)z electron 
system, the reaction will not take place readily by a concerted mechanism. 

(b) Formation of cis-product requires disrotatory motion of the terminal p-orbitals. 
Since disrotation is thermally allowed for (47 + 2)z electron system, the reaction is 
expected to take place readily by concerted mechanism. 


Ha oe i 


p | 
a 
Darcy & 
D €- a ring closure | 
D 


cis-fused 


Laie coe eee eee eee Ee nee ONT TET Oe NEE TOEE CRO CP ERE TeTTOT ION ETE OEY tT TOT ee) 
4, Examine the stereochemistry of the product molecule and indicate 
whether conrotatory or disrotatory ring opening or ring closure has 
taken place in each of the following reactions. Also, predict the mode of 
activation (A or hv) in each case. 


DD 
H H 
(b) ae / \S—co,Me 
CO,Me CO,Me CO,Me H 
H 
—_ 
(c) a % (d) — 
SH 7 E 
H H 
CH,  CHs CH; H 


Solution 
(a) The ring closure has taken place by disrotatory motion because the reaction gives 
a cis-product. Since it is a 47 electron system (4nz, where n = 1), disrotatory mode 
of ring closure is photochemically allowed. 


2D Wisiaion? oe 
eat DD (ce ring closure 


DD 
cis 
(b) The ring opening has taken place by conrotatory motion because the cis-alkene 
gives (FE, Z)-product. Since it is a 4n electron system where n = 1, conrotatory ring 
opening is spain allowed. 


a oe Woe 
"emai 
ring opening MeO.C 


XS CO .Me Hee H CO,Me 
(2E, 4Z) 
(c) The ring closing has taken place by conrotatory motion because (2H, 4Z, 6Z, 8E)- 
tetraene produces trans-product. 


(CH=CH), 
~Gontwiag? 
ring closure 
eA a, 


(2E, 4Z, 6Z, 8E) 


CH, H 
trans 


Organic Chemistry: A Modern Approach 
(d) The ring closure has taken place by conrotatory motion because the trans-product 


is obtained from the triene and since it is 67 electron system [(4n + 2)z, where 
n = 1], conrotatory ring closure is photochemically allowed. 


H 
a 
Conrotatory 
al ring closure 
H 


Solution When the compound A (a 4n electron system, where n = 1) is heated, it under- 
goes conrotatory ring opening to a cyclodecatriene containing two cis and one trans double 
bond. This intermediate triene being a 67 electron system [(4n + 2)z, where n = 1] then 
undergoes disrotatory ring closure to give the compound B. 


D D D 
~ 1D 7 
rot A : A 
| i Conrotatory Disrotatory = 
I 1 ca D : 
D 
B 


ring opening ring closure 


6. Predict the products of the following electrocyclic reactions: 
4 NX i D 
(a) {Q hv : (b) D a A or hv 
O H 
CHO 


O 
a Oy, A 
es @) |) [”co,Me ——> 


Pericyclic Reactions 8.29 


Solution 


(a) 


(b) 


(c) 


(d) 


Since the compound is a 4nz electron system (where n = 1), it undergoes 
photochemical ring closure by the allowed disrotatory motion to give a cis-fused 
bicyclic compound. 


hv 
speeCs Disrotatory” H H 
XO O 0 ring closure O 6 0 
Since the compound is a 4nzelectron system (where n = 1), it undergoes thermal ring 


closure by the allowed conrotatory motion to give trans-3,4-dideuteriocyclobutene. 


= D DH 
— = H A 
= ae a Conrotatory A 
(Z, Z) oi ring closure H D 
trans-3,4-dideuterio- 
cyclobutene 


However, the compound undergoes photochemical ring closure by the allowed 
disrotatory motion to give trans-3,4-dideuteriocyclobutene. 


—H « H H 
Ls Disrotatory 
(Z, Z) ( ring closure D D 
? cis-3,4-dideuterio- 
cyclobutene 
When this 4nz electron system (where n = 1) is irradiated, it undergoes 


allowed disrotatory ring closure to give a cis-fused bicyclic lactone. The lactone 
undergoes photo-induced decarboxylation by disrotatory ring opening to give 
1,3-cyclobutadiene and COs. 


h h ps 
i ase H H Y> + CO» 
isrotatory O 


ring closure O 1,3-cyclobuta- 
(Z, Z) cis-fused diene 
lactone 


Being a 4n electron system (where n = 1) this cyclobutene derivative undergoes 
thermal ring opening by the allowed conrotatory motion to give an a,f-unsaturated 
carbonyl compound with E stereochemistry of the double bond. The resulting 
compound [a (4n + 2)z electron system, where n = 1] undergoes electrocyclic ring 
closing to give a cyclic ether. 


H 


H,—, CHO re io f= 
eA > 69 —COuMe >< >—CO0)Me 
“4 Nise ; . O 
oy H CO .Me C ring opening 
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(e) Since the compound is 4nzelectron system (where n = 1), it undergoes photochemical 
ring closure by the allowed disrotatory motion to give a cis-fused bicyclic compound. 


hv 
pln Disrotatory . pln 
a e ring closure 
(f) The base (:B) abstracts a proton from this compound to give its conjugate base which 


is a 6 electron system [a (4n + 2) electron system, where n = 1]. This undergoes 
thermally allowed disrotatory ring closure followed by proton take up to give the 


product. 
Ph 
Ph H 2 Ph Ph 
A 

ee Disrotatory a, HOB “AN 

N N “> oN Sardi N N => HN N 
Sree ee i i a 

Ph~ ~HH~ ~Ph = Ph~?~HH~ Ph eS =, “, 


(g) Since the compound is a 6z electron system [a (4n + 2)z electron system, where 
n = 1], it undergoes thermal ring closure by the allowed disrotatory motion to give 
cis-5,6-dimethyl-1,3-cyclohexadiene. 


J A 
SE 
K 4 Disrotatory <i» 
Me 


| HH | Me ring closure Me Me 


NN 
(2E, 4Z, 6E)- cis-5,6-Dimethyl- 
2,4,6-Octatriene 1,3-cyclohexadiene 


(h) When this 4nz electron system (where n = 1) is irradiated, it undergoes allowed 
disrotatory ring closure to give a bicyclic compound in which the two methyl groups 
are oriented trans to each other. 


hv ~ 
Disrotatory Me H 
ring closure 


= H Me 
(E, E) trans 


7. Explain why the first reaction requires a much higher temperature 
compared to the second reaction: 


D D D 
(a) CA =e, Cpe OO 
D D 
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Solution 


(a) 


(b) 


This bicyclic compound does not undergo thermal ring opening reaction through 
the symmetry-allowed conrotatory pathway because this would give a highly 
strained (E, Z)-diene which, due to presence of a trans-double bond in a small 
ring, is thermodynamically much less stable. However, the thermal ring opening 
takes place at a higher temperature by a symmetry forbidden disrotatory pathway 
involving a non-concerted biradical mechanism. 


D 


A trans-double 
——_ > [P= bond 
Conrotatory 


ring opening Strained and 
unstable diene 
(not obtained) 


D D 
400°C 
| (non-concerted - CO =e 
radical mechanism) 
D e D 
A diradical 


This bicyclic compound undergoes thermal ring opening by the symmetry-allowed 
conrotatory path relatively smoothly because the resulting 10-membered ring 
can easily accommodate a trans-double bond. This concerted symmetry-allowed 
reaction, therefore, requires a low temperature. 


D 
ee ___ 190°C, Cc 
-->-- Ml = Goarctaton Conrotatory’ 
ring opening 
D 


How would you carry out the following transformation? 


pre a 


c 
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(e) 


© \>Cn 


DC CD, 


CD; CD; 


Solution 


(a) 


(b) 


(c) 


(d) 


Photochemical ring opening of the cis-fused bicyclic compound [a (4n + 2) electron 
system, where n = 1] by conrotatory mode followed by thermal ring closure of the 
intermediate by disrotatory mode leads to the formation of isomeric trans-fused 
compound. 


A 
— Sa 
C= H <p ae H Disrotatory Ce 


ring opening ring closure trans 


Be, eae 
> 


Since the product has hydrogens trans- to each other the rotation must have taken 
place by the conrotatory fashion. Therefore, this ring closing reaction involving 67 
electrons [a (4n + 2)z electron, where n = 1] can be carried out by photochemical 
activation (hy). 


iH ring closure 


c 


: 


This transformation may be carried out by treating the dihalide with AgNO, 
solution. Ag® ion assisted expulsion of chloride and disrotatory ring opening 
(thermally allowed process because it is a two-electron system) takes place 
simultaneously. The allyl cation then undergoes nucleophilic attack by water to 
give, after proton loss, an alcohol. 


re OH 
AgNO,/H,O Hs, 
Agen * C >2r ad <p Br| > Br 


a ie ooenine 

This transformation can be carried out by heating the starting compound. A 
disrotatory ring opening reaction takes place. The reaction is very much favourable 
because on ring opening the strain in cyclopropane ring is released and at the same 
time a stable aromatic system is formed. It is to be noted that the rotation will 
move the C—C bond of the other six-membered ring outward (i.e., the C—C bond 
of the cyclopropane ring inward) is geometrically feasible. 
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(e) 


(f) 


f ——— / 
Cees Disrotatory Lo 
ring opening [A (4n + 2) zelectron 
system where n = 2: 
aromatic 
This cyclization reaction takes place when this ketone is heated in the presence 
of H3;PO,. The protonated ketone (a 4nz electron system, where n = 1) which is 
equivalent to a pentadienyl cation, undergoes thermal ring closure by an allowed 
conrotatory fashion to give a resonance-stabilized carbocation. This on proton loss 
followed by tautomerization gives a cyclic ketone in which the two —CD, groups are 
trans to each other. 


Conrotatory 
ring closure 


OH H 


CD; CDs 
[This ring closure reaction of doubly o,6-unsaturated ketone to give acyclopentanone 
system is known as the Nazarou cyclization. 

When this diene (a 4nz electron system, where n = 1) is irradiated, it undergoes 
allowed disrotatory ring closure to give a bicyclic compound in which the rings 
are cis-fused. This compound, when heated, undergoes conrotatory ring opening to 
give an unstable diene having a trans double bond. When this diene is irradiated, 
a disrotatory ring closure takes place to give again a bicyclic compound in which 
the two rings are trans-fused. 


& = 7 
hv Ha] A ’ KAI SS hv 
err RECET a >| 7 > 
Disrotatory Conrotatory a eo. Disrotatory 
? ring closure ring opening (| ring closure Pigs 
OH - unstable ~ fausad 


Explain the following observations: 


(a) 4 ny - ele 
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(b) 


Solution 
(a) Since this molecule is a tetraene (a 4nz electron system, where n = 2), it undergoes 


thermal ring closure by conrotatory motion to an intermediate triene in which the 
two methyl groups are trans oriented. This triene [a (4n + 2)z electron system, 
where n = 1] undergoes thermal ring closure by disrotatory mode to produce a 


bicyclic compound in which the two rings are cis-fused. 


H 
Me i 
E w Me 
A A ‘on al 
—_-__>» 
Conrotatory Disrotatory ~\ 

ring closure Me ring closure | Me 

H 


An intermediate 
triene 


(b) This bicyclic triene (a 4n electron system, where n = 2) undergoes thermal 


conrotatory ring opening to give an unstable tetraene with a trans double bond. 
This tetraene then undergoes thermal ring closure by the two disrotatory mode 
(a and b) to give two diastereomeric products as only 67 electrons are involved 


Diastereoisomers 


Conrotatory 
Disrotatory NX Et 


ring opening a 
ee : 
ms ring closure ae ~Me 


Pericyclic Reactions 8.35 


(c) This trans-fused bicyclic compound (a 6 electron system) on irradiation 
undergoes conrotatory ring opening to give all-(Z) and (E, Z, Z, E, Z)-isomers 
of cyclodecapentaene. The first isomer is unstable due to angle strain and the 
second isomer is unstable due to trans-annular interaction (the hydrogens in 5 
and 10 positions interfere sterically with each other to make it non-planar and 
non-aromatic). Both the isomers then undergo disrotatory ring closure at room 
temperature to give the cis-isomer of the starting compound. 


vy Y rt. 
a Disrotatory H 
ring opening (a) ring closure 
e? peprrene all-(Z)-Cyclodeca- 
entaene 
coke P aes 
: ab 
H 5 
t hv t. H 
Trans ; 
Conrotatory (HX) Disrotatory cis 
ring opening (b) 10 ring closure 


(E, Z, Z, E, Z)-Cyclodeca- 
pentaene 


(d) The compound (a four-electron system) undergoes thermal conrotatory ring 
opening to give an enol. This unstable enol (a 6z electron system) undergoes 
ready disrotatory ring closing to give another enol which tautomerizes to give the 
corresponding ketone (a-tetralone). Gain of aromaticity is the driving force of the 
second step reaction. 


OH 
_ Heat me ag = 
Sy Ter aE 
—_ Conrotatory 2% “Disrotatory ” 
ring opening ring closure 


10. Dewar benzene is less stable than its isomer benzene by 60 kcal/mol. 
Nevertheless, its conversion into benzene is extremely slow with an 
activation energy of about 37 kcal/mol. Explain this observation. 


H 


H 
Dewar benzene 


Solution The conversion of Dewar benzene into benzene requires opening of a cyclobu- 
tene ring (a 4n electron system, where n = 1). Now, ring opening by the conrotatory mode 


OI ie tated bales ig mpegs pei ton eesans wena ide eneennoiees Cgane ehenisiy. i Mec nenreden 
is symmetry allowed. However, this would result in formation of a 1,3,5-cyclohexatriene 
containing a trans double bond. A six-membered ring cannot accommodate a trans double 
bond due to severe ring strain. Hence, the ring opening of Dewar benzene is a geometri- 
cally unfavourable process. The disrotatory ring opening process that would lead directly 
to benzene, is a thermally forbidden process according to the selection rules. The conver- 
sion may take place by non-concerted pathway which is actually very slow. This explains 
why conversion of Dewar benzene into benzene is extremely slow with activation energy 
of about 37 kcal/mol. 


ey trans double H 
e bond 
> aaa H H 
@ Very slow 
— —— 
(symmetry- iS Conrotatory 
Benzene forbidden ring opening H H 
disrotatory : 
siaaeee) benzene (E, Z, Z)-1,3,5-Cyclohexatriene 
(highly strained and 
unstable) 


11. Predict the product in each of the following reactions and explain these 
by orbital symmetry analysis: 


(a) Me ss al A (b) Me sil A 
H H H H 
Solution 
(a) When this allyl cation [a 27 electron system, i.e., a (4n + 2)z electron system, where 
n = 0] is heated, it undergoes symmetry-allowed disrotatory ring closure reaction 
to give a cyclopropyl cation having cis-configuration. The HOMO of allyl cation is 
y, and therefore, disrotatory motion of the terminal orbitals leads to a bonding 


interaction. 
Me? Me 
Me~ Ae Me A 
xT Te Disrotatory 
H H ring closure H H 
(E, E) cis 
I I 
“x o Me Q Me 
Disrotation 
WY Me H H M 
e 
( J C , 


Bonding interaction 


FS cl a oe eT ee eee ee eee N Eee on ee EETT CoO Teen TTeRS Sater aE ee TnI ERIC ioe 
(b) When this allyl anion (a 47 electron system, i.e., a 4nz electron system, where 
n=1)is subjected to thermal cyclization, it undergoes symmetry-allowed conrotatory 
ring closure to give a cyclopropyl anion having trans-configuration. The HOMO of 
the allyl anion is yw, and therefore, conrotatory motion of the terminal orbitals 

leads to a bonding interaction. 


Mes H 
Me~ AS Me A C 
xT he Conrotatory 
H H ring closure H Me 
(E, E) trans 
I I 
Me % H 
Conrotation 
ee a a 
oo H Me 


Bonding interaction 


12. Which of the following two reactions (acetolysis) takes place at a faster 
rate and why? 


Ac COOH Boa Cue COOH 
15° 150. 15° 150 


A B 


Solution In this solvolysis reaction (Sy1), the loss of OTs° and ring opening takes place 
simultaneously to form an allyl cation. Since actually it is an opening of a cyclopropyl cat- 
ion, it is to be treated as a two-electron system and for this, disrotatory mode of ring open- 
ing is thermally allowed. Now, the disrotatory cleavage of the o-bond must take place in 
such a fashion that would give an anchimeric assistance to the C—OTs bond cleavage by 
backside attack. This requires an outward rotation of the two methyl groups in tosylate A 
and an inward rotation of the two methyl groups in tosylate B. But, because of steric rea- 
son (steric interaction between the two methyl groups in the transition state), the tosylate 
B undergoes ring opening at a much slower rate than the tosylate A. Therefore, acetolysis 
of the tosylate A takes place at a faster rate than the tosylate B. 
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:O: 
# 
-OTS? ae 
————> |Me-e Me @ Me ‘ol 
Disrotatory 
ring opening ned ——# ag 
(fast) 
An allyl cation OCOCH3; 
| 
lH ll Goma 
Me Me H 
Disrotation trans 
H > 
Me i 
o orbital of | H — 
C—C bond @ orenal Gt Bonding MO 
(HOMO) a 
bond (LUMO) 
:O: 
> 
_OTs? ba H 
Disrotatory (i (Sa H ¢-H Sie ai 
ring opening + M —H® 
(slow) Me} Me Me Me 
B Na Stanie interaction OCOCH3; 
An allyl cation — 
ee. 
cls 


Ag® 
CoO > 


Solution Two consecutive electrocyclic reactions are involved to give the final product. 
The ring opening of this six-electron system does not take place through the symmetry, 
allowed conrotatory path because it leads to the formation of highly strained cyclo-hexa- 
diene system with a trans double bond (much higher T.S. energy). A thermally forbidden 
disrotatory ring opening occurs first in the presence of the metal ion which lowers the 
activation energy for this path. The non-aromatic unstable intermediate (a six-electron 
system) then undergoes a second ring opening by an allowed disrotatory motion to give 
the stable aromatic product. 
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\ 
<< | et | ee pers rd 
HH ring opening y a 
te (Unstable and not aia 
te, 
a | ~s = ~~ 
| | | a | ae forbidden” | Lge 
ite disrotatory path: 
H = non-concerned) OF 


ring opening 


Je os 


1. Predict the configuration of the product obtained in each of the following electrocyclic 


reactions: 

(a) (2H, 4E)-2,4-Hexadiene —“—+ 

(b) (2K, 4Z, 6Z, 8E)-2,4,6,8-Decatetraene —“—> 
(c) (2E, 4Z, 6E)-2,4,6-Octatriene —2Y> 

(d) cis-3,4-Dimethylcyclobutene —4—~» 

(e) trans-3,4-Dimethyleyclobutene —?Y > 


2. Explain why the cis-isomer requires a much higher temperature compared to the 
trans-isomer for ring opening. 


trans cis 


3. Predict the product of the following Nazarov cyclization from FMO considerations: 


O O O 
H® 
| | - + 
Me Et 
Me Et Me Et 
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The bicyclic compound (X) on thermal ring opening yields (Y) which is contrary 
to the Woodward—Hoffmann selection rules. The compound (Y) on photochemical 
ring closing gives the compound (Z). However, (Z) cannot produce (Y) by reversible 


reaction. Identify. 
D 


> 400°C >(Y) BY 3 (Z) 


D 

(X) 
When treated with strong base, the compound I readily undergoes electrocyclic ring 
opening to the corresponding allyl anion, but the compound II does not. Identify 
this observation. 


CN CN 


ws LS 
BG Ca aries) 
II 


Predict the product expected to be formed from each of the following reactions: 
Cl Cl 


Cl Cl 
A SP 4 CHO , 
—— > 
(a) Ce) (e) eee > © CLT 
H 
Me Me a4 0 hv 
@\. 27° “S56 > 
SS 


Both of the following compounds undergo photochemical ring closure reactions. 
Predict the structure and stereochemistry of the products and explain. 


ny fe 
Z, Z) ZB) 


How can you get the two diastereoisomeric bicyclic compounds from the starting 
[10] annulene? 


H H 
? ? 
+ @a—cc 
H [10] annulene a 


cis trans 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


The following bicyclic compound is expected to undergo ready rearrangement to 
give 1,3-cyclopentadiene. However, this rearrangement is not so fast as to preclude 
isolation of the compound. Explain this observation. 


H H 
ata OG 
{[Hint: Conrotatory ring opening leads to the formation of an impossibly strained 


ring.] 
Explain the following observation: 


1, A Bulli 78°C 78°C 
7 to 0° eo rer Tid 
H 


The compound I undergoes acetolysis at a rate 2 x 10° times faster than the isomeric 
compound II. Explain. 


H H 
H H 
OTs H 
Gy, H , 


I II 


Prismane suffers from tremendous amount of strain. Nevertheless, its 
transformation to benzene (a stable aromatic system) is not spontaneous. Explain 
on the basis of FMO theory. 


Prismane 


Sketch the following z-MOs showing modes: (i) HOMO for 1,3,5-hexatriene and (11) 
LUMO for allyl anion. 

Draw the z-molecular orbitals of penta-2,4-dienyl system (cation, radical and 
anion). Label the non-bonding MO and indicate the nodes in each MO. Classify 
each MO as symmetric (S) or antisymmetric (A) with respect to m (mirror plane of 
symmetry). 

Which of the following reactions is more likely to take place? Give your reasoning. 


Gu : 4—> CO 
mM ——> 
(ring closing (ring closing S 


involving four involving six 
electrons) electrons) 
Explain the mechanism of the following reaction: 
O O 
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CH, H 
© Con Liq, © AIO 
CH, 
H H on: _ 
6 _ ot, of 
H H 


18. Explain the following isomerisations of [16] annulene: 


[16] Annulene 


19. There are two ways of each of the stereochemical modes in the following electrocyclic 
transformations. Predict the structure of the preferred product and give your 


reasoning. 
CD, 
(a) LL H Conrotatory . 9 (b) Disrotatory . 9 
CDs 


CD, CD; 


—CDs; ; 
(c) ZR Disrotatory 


Z 
“, 


20. Suggest mechanism for the result of pyrolysis of the two isomers (I) and (II) to give 
(IIT) and (IV), respectively. 


F Cl 
(a) Cl > (b) F = 
ay F 
L II III Cl IV 


[Hint: See the answer to the Solved Problem 12.] 
8.3 CYCLOADDITION REACTIONS 


Introduction 


A cycloaddition reaction is one in which two unsaturated molecule or two unsaturated 
part of a single molecule undergo addition reaction to yield a cyclic product. If the number 
of z-electrons in the reacting components are ‘x’ and ‘y’, respectively, the cycloaddition 
reaction is called a [x + y] cycloaddition. Therefore, the well-known Diels—Alder reaction 


FSS or ee oe eee eee eT eee Ono NT Tee TORE eT NES ate eee brie 
in which a diene (a 47 electron system) combines with a dienophile (a 27 electron system) 
in a [4 + 2] cycloaddition. The dimerizaton of ethylene (a 27 electron system), on the other 
hand, is a [2 + 2] cycloaddition. 


& O 
Ez, . I [4 + 2] cycloaddition 2 


1,3-Butadiene Ethylene Cyclohexene 
(a 42 electron (a 27 electron 
system) system) 
hv 
In 7 4 [2 + 2] cycloaddition e LJ 
Ethylene Ethylene Cyclobutane 
(a 27 electron (a 27 electron 
system) system) 


Formation of a cyclic product takes place at the expense of two z bonds (one each of the 
reacting partners) and gain of two obonds at the end of both the components. Thus, in this 
reaction, there is a loss of two z bonds and gain of two o bonds. Since o bonds are stronger 
than z bonds, the formation of the product is usually favoured energetically. 


The stereochemical mode of cyclization Cycloaddition reactions can be classified by it stereo 
chemistry with respect to the plane of each reacting molecule. A cycloaddition reaction 
may take place either across the same face or across the opposite faces of the planes in 
each reacting component. If the reaction takes place across the same face of a z system, 
the reaction is said to be suprafacial with respect to the z system and the reaction is said 
to be antarafacial if the reaction occurs at opposite faces with respect to the z system. 


$f | | | | 
Y 9, Y 9, 
‘( (\ Yay ‘( 0° 


~- 


Suprafacial Antarafacial 
(just like a syn-addition) (ust like an anti-addition) 


The stereochemical mode is given by a subscript s or a which indicates whether the 
addition occurs in a suprafacial mode or antarafacial mode on each unit. 


The four possible modes of [4 + 2] cycloaddition reaction, for example, are as follows: 


(i) ‘a > (x's + n°s) <— Gi 4 SI Gtaaats <<» 
supra antara 
+ + 


as ie 


supra 
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Git) ‘4 * (x's + ma) str, ; (iv) ‘a NY (xa + n’a) <> 
ae antara 
+ + 
= = 
antara aoe 


Because of steric reason, almost all cycloaddition reactions are suprafacial on both the 
components. 


Symmetry allowed and symmetry forbidden cycloaddition reactions According to the FMO 
theory, a symmetry-allowed cycloaddition reaction is one in which the HOMO of one 
component and the LUMO of the other component overlap in the same phase leading to 
bonding interactions. On the other hand, a symmetry forbidden cycloaddition reaction 
is one in which HOMO and LUMO overlap in different phases leading to antibonding 
interaction. 


8.3.1 FMO Theory of Cycloaddition Reactions 
8.3.1.1 [1 + n°] Cycloaddition Reactions 


The [2 + 2] cycloaddition of two ethylene molecules to form a cyclobutane molecule is 
photochemically allowed but thermally forbidden (i.e., unlikely to take place concertedly). 


| LJ 


Ethylene ie eponiea a “ ” Codlowitaie 


Non. aoe 
(2z electrons) (27 electrons) and difficult 


(a) Thermal reaction Thermal reactions involve molecules reacting in the ground state. In 
[2 + 2] cycloaddition of ethylene, the lobes of HOMO (z MO) in one molecule and that of 
LUMO (2* MO) of the other does not overlap in a fashion leading to bonding interaction 
between both sets of carbon atoms. Therefore, the reaction in which both the components 
react in a suprafacial manner, i.e., a [x’s + xs] addition is thermally forbidden. It means 
that a thermal cycloaddition between two ethylene molecules is unlikely to take place 
concertedly. In fact, the reaction actually takes place through a non-concerted free radical 
mechanism (catalyzed by transition metal complex). 


ae LUMO of another 
m* thyl iccul 
Antibonding | ethylene molecule 


interaction _>—~~~—- :— Bonding interaction 


(repulsive) “f__f HOMO of one 
ethylene molecule 


(Thermally forbidden supra-supra interaction) 
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However, a thermal [2 + 2] cycloaddition reaction is expected to take place if it is suprafacial 
with respect to one component and antarafacial with respect to the other, i.e., ifit is a [z’s 
+ 7a] process, that leads to bonding interaction. This symmetry-allowed process is, in 
fact, geometrically very difficult (the energy of the transition state is very high) and so, it 


does not take place. 
i LUMO of another 
of ta ethylene molecule 
; Bonding yr : :— Bonding interaction 
interaction 
“f _ HOMO of one 
ethylene molecule 


(Symmetry allowed but geometrically 
difficult supra—antara interaction) 


(b) Photochemical reaction When ethylene is irradiated, one of its z electrons is promoted 
from bonding MO(z) to antibonding MO(z*). Therefore, the excited state HOMO of ethylene 
is 7*. In this case, a bonding interaction occurs between the HOMO of an excited state 
ethylene molecule and the LUMO of a ground state ethylene molecule when the reaction 
is suprafacial with respect to both the components. Therefore, a [z’s + z’s] process is 
photochemically allowed and occurs readily through a concerted pathway. 


LUMO of a ground 
n* i state ethylene molecule 
_ Bonding = :— Bonding interaction 
interaction 
rr , i= HOMO of an excited 
state ethylene molecule 


(Photochemically allowed supra—supra interaction) 


8.3.1.2 [1 + n°] Cycloaddition Reactions 


The [4 + 2] cycloaddition reaction between 1,3-butadiene and ethylene to form a molecule 
of cyclohexene (the simplest example of the Diels—Alder reaction) is thermally allowed but 
photochemically forbidden (i.e., unlikely to take place concertedly). 


A 
Z / Concerted \ \ 
+ I 
~ 


te a Gydion 
1,3-Butadiene Ethylene ‘Nonconcérted” + VClohexene 
(4zelectrons) (27 electrons) and difficult 


(a) Thermal reaction In this case, the HOMO of butadiene (y,) interacts with the LUMO 
of ethylene (z*) or the LUMO of butadiene (ws) interacts with the HOMO of ethylene (7) 


Oca praia pu ea cpt lesan eee a decd readout onal os Cganic shenisiy: # Mec enriedy 
and in either case in-phase orbital overlap leading to bonding interaction takes place if 
the reaction is suprafacial with respect to both the components [z‘s + z’s]. The [z's + z’s] 
thermal cycloaddition reaction is, therefore, symmetry allowed and occurs readily through 
a concerted process. Although [z’a + z‘a] mode of cyclization is symmetry allowed, it is 
geometrically not feasible, and so, it does not take place. 


HOMO of the LUMO of the 
diene diene 
Wo Ws 
‘, o Bonding S ie : 
Bonding = ‘ie ee cm = he & Bonding 
interaction 7 * * 1 yinteraction 
1 , of if 


HOMO of the 
dienophile 


LUMO of the 
dienophile 


(Thermally allowed supra—supra mode of interaction) 


(b) Photochemical reaction Under photochemical conditions, the excited state HOMO of 
butadiene (ws) interacts with the ground state LUMO of ethylene (z*) or the excited 
state HOMO of ethylene (z*) interacts with the ground state LUMO of butadiene (ws) 
and the processes are symmetry forbidden (i.e., they lead of antibonding interaction) if 
the addition is suprafacial with respect to both the components. Although the [z‘a + z’s] 
and [zs + z’al mode of cycloaddition are symmetry allowed, they are geometrically very 


difficult and unfavourable. 
LUMO of the ground 
state diene 


HOMO of the excited 
state diene 


Ws 
‘s _— Antibondin : : 
Bonding ‘ ie ae het ee Wd Antibonding 
interaction : 5 interaction 
o Eanes a 
Ne Eanes 
LUMO of the ground HOMO of \ excited 
state dienophile state dienophile 


(Photochemically forbidden supra—supra mode of interactions) 
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8.3.2 Woodward and Hoffmann Selection Rules for Cycloaddition Reactions 


Number of electrons Mode of activation Allowed stereochemical 
mode of the reaction 
Thermal supra-antara 
4n antara-supra 
(n = 1, 2, 3, ete.) Photochemical supra-supra 
antara-antara 
Thermal supra-supra 
4n+2 antara-antara 
(n = 1, 2, 3, etc.) Photochemical supra-antara 


antara-supra 


8.3.3 Diels-Alder Reactions 


The thermal [4 + 2] cycloaddition reaction between a conjugated diene (a 4z-electron system) 
and a compound containing an active multiple bond, called a dienophile (a 27-electron 
system which ‘loves a diene’), to form a six-membered cyclic product (often called an 
adduct) with one double bond is called the Diels—Alder reaction. A typical example of the 
Diels—Alder reaction is the reaction that occurs when 1,3-butadiene and maleic anhydride 
are heated together at 100°C to form the corresponding adduct in quantitative yield. We 
can account for all the bond changes by using curved arrows. 


O 
O 
Oo eC CK 
1,3-Butadiene d O 
(diene) Maleic anhydride Adduct (100%) 


(dienophile) 


8.3.3.1 Reactivity of Diels-Alder Reaction 


The HOMO-LUMO energy separation largely determines the reactivity or feasibility of 
a Diels-Alder reaction. Higher reactivity is found to be associated with a smaller energy 
gap between HOMO and LUMO. The value of AEF for diene-HOMO and dienophile-LUMO 
is 10.6 eV and that for diene-LUMO and dienophile-HOMO is 11.5 eV. Therefore, the 
interaction between diene-HOMO and dienophile-LUMO is more effective for the Diels- 


Alder reaction. 
LUMO of _ LUMO of 
™dienophile diene 
11.5 


10.6 eV 1.5 eV 


eel HOMO of HOMO of 
diene ™  dienophile 
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An electron-donating group in the diene increases the energies of both HOMO and LUMO. 
As a consequence, the energy difference between diene-HOMO and dienophile-LUMO 
decreases and dienophile-HOMO and diene-LUMO increases. An electron-withdrawing 
group in the dienophile lowers both HOMO and LUMO energies. This also causes 
reduction of the energy difference between diene-HOMO and dienophile-LUMO making 
this HOMO-LUMO interaction clearly dominant. Therefore, an electron-donating group 
in diene and an electron-withdrawing group in the dienophile make the Diels-Alder 
reaction energetically favourable. If X is an electron-donating group at C-1 in the diene 
and Z is an electron-withdrawing group in the dienophile, then the energy gap between 
diene-HOMO and dienophile-LUMO is 8.5 eV. The energy gap is same when the diene 
contains an electron-withdrawing group and the dienophile contains an electron-releasing 
group and such Diels-Alder reactions are described as taking place with inverse electron 
demand. However, the energy separation is usually is less effective to carry out Diels- 
Alder reactions with inverse electron demand. It is not obvious why. When both the diene 
and the dienophile contains electron-donating or electron-withdrawing group, the reaction 
becomes less favourable energetically. The favourable HOMO-LUMO interactions are 
given as follows: 


womoyt 4 x 


Diene 


part 3 
nomo ¥" Ny Fae 3 


Diene 


part 
HOMO Z 


Z = Electron-withdrawing group X = Electron-donating group 


A conjugation extending group increases the energy of HOMO but decreases the energy 
of LUMO and as a consequence, the HOMO-LUMO energy gap decreases. Therefore, 
presence of such a group either in diene or in dienophile makes the reaction favourable. 
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The energy changes of HOMO and LUMO due to presence of various substituents may be 
summarized as follows: 


; slightly lowers the energy of HOMO 
An electron-withdrawing group — 
‘+ substantially lowers the energy of LUMO 


> substantially raises the energy of HOMO 
An electron-donating group — 
'+ slightly raises the energy of LUMO 


; ; ; >raises the energy of HOMO 
A conjugation-extending group—+ 


“- lowers the energy of LUMO 


8.3.3.2 Regioselectivity of Diels-Alder Reaction 


The regioselectivity of the Diels—Alder reaction depends on the coefficients of the frontier 
orbitals of monosubstituted diene and of the mono-substituted dienophile. The reaction 
of 1-methoxy-1,3-butadiene (CH,=CH—CH=CH—OCH;) with acrolein (CH,=CH— 
CHO) is a regioselective one because it produces the unsaturated aldehyde I as the major 
product and the unsaturated aldehyde II as the minor product. The coefficients of HOMO 
and LUMO orbitals of 1-methoxy-1,3-butadiene (a diene with an electron-donating group) 
and acrolein (a dienophile with an electron-withdrawing group) can be shown as follows: 


OCH; i" OCH; CHO 
HOMO of LUMO of LUMO of HOMO of 
the diene the dienophile the diene the dienophile 


The size of each circle is roughly in proportion to the size of the coefficient of orbitals. The 
circles represent the lobes of p-orbitals above the plane of the paper and the shaded and 
unshaded one are of opposite phase sign in the usual way. 


HOMO of 
diene 


LUMO of : (major aodued 
dienophile-— | CHO 


AE = Eyymo (dienophile) — “HOMO (diene) = 8-5 eV 
(large-large and small-small pairing of orbitals lead 
to favourable interactions) 
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LUMO of a 7 
diene ere ‘OCH, 
2 ~499 = © 
pO ee “CHO 
HOMO of : CHO . 
dienophile—_ (minor product) 


OHC 


AE = Eyymo (diene) — EHOMO (dienophile) = 138.4 eV 
(arge-large and small-small pairing of orbitals lead to favourable interactions) 


Pairing of large with large (coefficients) and small with small (coefficients) takes place 
because this leads to greater stabilization of the system. Now, the energy difference 
between the diene-HOMO and dienophile-LUMO is less than that between the dienophile- 
HOMO and diene-LUMO. So, the former mode of interaction leads to the formation of 
the major product and the latter mode of interaction leads to the formation of the minor 
product. This explains the observed regioselectivity of the Diels-Alder reaction between 
1-methoxy-1,3-butadiene and aerolein. 


Frontier orbital energies (in eV; 1 eV = 23 kcal = 96.5 kJ) and coefficients of dienophiles 
(alkenes) and dienes are given as follows (C = extra conjugation, Z = electron-withdrawing 
group and X = electron-donating group): 


x 
— 10 
254 1.5 ot C 3 
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E ne, 
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2-Substituted dienes 


A schematic chart of the major and minor products in the Diels—Alder reaction is shown 


below: 


The substituent is 


The substituent is 


at C-1 of the diene 


at C-2 of the diene 


ER 
oa 
—— + Ni 
Bicee Dienophile 
Ew 
a 
Ss “ + LL 
vies Dienophile 
ER Z 
<7 e 
Di Ww 
ee Dienophile 
Ew 
—- 
<n 
D; 
a Dienophile 


Kg Kr 
be Ao 
E 
(major) (minor) ” 
Ew Ew 
E 
we (2) 
(major) (minor) 
ER ER Ew 
T } (3) 
— ~Ew : 
(major) (minor) 
Ew. Kr Ew 
4 
ie i? © 
(major) (minor) 


Ep = Electron-releasing group, Ew = Electron-withdrawing group 


Valence bond argument of regioselectivity The regioselectivity of the reaction between 
1-methoxy-1,3-butadiene and acraldehyde can be well interpreted on the basis of valence 
bond argument. 
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OMe OMe OMe 
CHO 
Se HO wes, LL. 
C vy 2h > CHO 
1-Methoxy-1,3- Acraldehyde (major) (minor) 
butadiene 


Which of the two isomeric products will be formed as the major product can be predicted 
by analysing the charge distribution in each of the reactants. Since the methoxy group 
(-OMe) of the diene donates electrons by +R effect, a partial negative charge is developed 
on the terminal carbon atom (C-4). On the other hand, the formyl group (—CHO) of the 
dienophile withdraw electrons by its —R effect and as a result, a partial positive charge 
is developed on the terminal carbon (C-3). The partially positively charged carbon of the 
dienophile undergoes attack preferentially by the partially negatively charged terminal 
carbon atom of the diene to yield 2-methyl-3-cyclohexene-carbaldehyde as the major 
product [equation (1)]. 


ee @® b+ ' 
:OMe :OMe OMe is 4 
ee oN SO = IO HOF 
ot <> jf : # os a <> pa 
ee ° | ea L ® 
Diene Dienophile 
OMeg 


cy 


2-Methoxy-3-cyclohexene- 
carbaldehyde 
(major product) 


Although this reasoning is fine, it cannot be applied to all cases. For example, the reaction 
between butadienecarboxylic acid and acrylic acid is expected to yield the ‘meta’ adduct, 
whereas the reaction actually produces the ‘ortho’ adduct predominantly. 


COOH COOH COOH 
COOH COOH 
ee °C 
C * io : a CY 7 or COOH 
Butadiene Acrylic acid (major) (minor) 


carboxylic acid 


This result can, however, be explained by considering frontier orbital energies and 
coefficients of the diene and the dienophile [equation (2)]. The same is true for a reaction 
in which the electron-withdrawing group is at C-2 of the diene [equation (4)]. 
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8.3.3.3 The Endo Rule for the Diels-Alder Reaction 


A Diels-Alder reaction prefer the endo product though it is sterically less stable than the 
exo (already discussed in article no. 1.1.10.4). This stereochemical preference is known 
as the endo rule or endo selectivity and is explained by considering the secondary orbital 
interaction in the transition state of the reaction between the diene and the dienophile 
with an additional double bond (C=C or C=O) leading to the endo adduct. In fact, in the 
endo transition state, there is stabilizing in-phase secondary orbital interactions between 
the p-orbitals of the LUMO of the electron acceptor substituent and the p-orbitals of 
the developing pi bond at the back of HOMO of the electron-rich diene. This stabilizing 
interaction (although not bond forming because the distance between two orbitals is 
greater than that required for effective overlap leading to a o bond) makes the endo 
transition state considerably stable and for this, the endo adduct is formed predominantly. 
On the other hand, the formation of the exo adduct involves a higher energy transition 
state because it is not assisted by any secondary orbital interactions. Therefore, the 
exo adduct becomes the minor product. Actually the endo adduct is the kinetic product 
formed at a lower temperature, whereas the exo adduct is the thermodynamic product 
formed predominantly at a higher temperature. In fact, at higher temperature, when an 
equilibrium is reached, the initially formed endo-adduct (the kinetic product) dissociates 
by a retro Diels—Alder reaction denoted as [z’s + o’s + os] and the components then react 
to give the exo-adduct (the thermodynamic product) predominantly. Thermal reversion of 
an allowed cycloaddition must also be allowed, since both the reactions proceed through the 
same reaction path and have same transition state (principle of microscopic reversibility). 


The symmetry-allowed [zs + z’s] cycloaddition reaction between cyclopentadiene and 
maleic anhydride leading to formation of endo-adduct (major) and exo-adduct (minor) is 
shown below: 


endo-Approach: 


In-phase secondary 
orbital interactions 


HOMO of 
a the diene 


Cyclopentadi 2 
yclopentadiene In-phase orbital $e i H 
O + rt overlapping leading lvs+ msl, / ‘70 
= a. — to the formation O 
O fv : of C—C obonds O 
endo-adduct 
O LUMO of the (kinetic product: major) 
Maleic anhydride dienophile 


endo transition state 
(more stable) 


8.54 Organic Chemistry: A Modern Approach 


exo-Approach: 


HOMO of 
the diene 


In-phase orbital 
overlapping leading 
to the formation 


Cyclopentadiene pa of o bonds O 
a q 


+ = i 
: 6O. Ia's+x°s] O 
p LUMO of L aad : 
f 7 the dienophile .° uh 
! H 
- ‘ -adduct 
Maleic anhydride CXO-AOIEL: 
exo transition state (thermodynamic 
(less stable) product: minor) 


Exception to the endo-rule It is not true that always the endo-addition will be preferred 
kinetically. There are a few cases where exo-adduct predominates over the endo-adduct at 
lower temperature and this is because in such cases, the stabilizing out-of-phase secondary 
orbital interactions make the endo transition state relatively less stable. For example, 
in the cycloaddition reaction between cyclopentadiene and tropolone, the two stereo 
orientations (endo and exo) are possible for the allowed [z°s + 2s] mode of cycloaddition. 
However, the reaction leads to the formation of the exo-adduct at lower temperature. This 
is because the secondary orbital interactions in the endo transition state are out-of-phase 


orbital interactions which highly destabilize the transition state. 


endo-Approach: 


wW 
gq 
ae 
ERS 
sas 
8 = 2 () () 
SoA O 
Cyclopentadi gag yd ono 
yclopentadiene at 
| = 
+ A ° ff 
; ; ZA 
O endo-Adduct 
(not obtained) 
Tropolone 


endo-Transition state (unstable) 
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exo-Approach: 


=, 


= HOMO (Wo) 


Cyclopentadiene 
sing : 
+ 
=<) 
O 
Tropolone exo-Adduct 
exo-Transition state (100%) 


(stable) 


8.3.3.4 Effect of Lewis Acids on Diels—Alder Reactions 


Lewis acids exert a strong catalyzing effect on Diels-Alder reactions. The influence of 
Lewis acid on the rate of Diels-Alder reactions may be ratioalised by FMO approach. It 
is known that the smaller the energy difference between the HOMO of the diene and 
the LUMO of the dienophile, the more readily the reaction occurs because in that case 
overlapping becomes better. Coordination of a Lewis acid with the non-bonding electrons 
of a carbonyl (0=6) or a cyano (—C=WN) group present in the dienophile lowers the 
energies of the FMOs of the dienophile and alters the distribution of the coefficients of 
the atomic orbitals. Due to decrease of FMO energies, the energy difference between the 
HOMO of the diene and the LUMO of the dienophile reduces while the energy difference 
between the HOMO of the dienophile and the LUMO of the diene increases. Thus, the 
former FMOs interacts at a faster rate to give the adduct through a low energy transition 
state. Finally, the increased LUMO coefficient (larger size of the p-orbital on the carbonyl 
carbon) causes more effective secondary orbital interaction than in the case of uncatalysed 
reaction and accounts for greater endo selectivity. For example: 


= ; AICl 
ff <aet m LL CHO fast) ff 
H Cyclopentadiene Acraldehyde H 


CHO CHO 
endo-Adduct endo-Adduct 


The relative frontier orbital energies of the diene and catalysed/uncatalysed dienophile 
and the reduction of HOMO-LUMO energy gap is shown in the following diagram: 
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LUMO .-—_—dr —” reduction of 
LUMO, -HOMO- LUMO energy gap 
E é LUMO 
HOMO ——— 
HOMO —— 
HOMO 
\ N 
Diene |lin the presence | | in the absence 
of catalyst of catalyst 
Dienophile 


8.3.3.5 Cheletropic Reactions 


Cheletropic reactions are a kind of concerted cycloadditions or cycloreversions in which 
the two o bonds are made or broken to the same atom. The species which reacts through 
a single atom possesses both a filled and a vacant orbital. Molecules like singlet :SO., 
singlet :CH, etc. possess a filled as well as a vacant orbital on the same atom (here S and 
C). Addition of SO, to diene and of carbenes to alkenes are two well-known examples of 
cheletropic reaction: 


e+ ao —> [ ‘sx | + CH, —> > 

ne a No — A 

1,3-Butadiene Saichas Dihydrothiophene Ethylene Carbene Cyclopropene 
dioxide dioxide 


Let us consider the HOMO-LUMO interactions of the reacting species involved in the 
second reaction leading to the formation of cyclopropane. There are two possibilities in 
which the carbene (:CH,) can approach the olefin: /inear and non-linear. Carbene has two 
m-MOs, HOMO containing both the electrons and LUMO which is vacant. 


a Vacant (LUMO) 


Filled (HOMO)E- CG _>C® 


iN 


Orbital structure of a singlet carbene 


The linear approach of the carbene can be represented as shown below. In this case, the 
plane of the bonds of the two substituents on carbene is perpendicular to that of the C—C 
bond of the alkene. 
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Antibonding interaction 


Filled z N aa Filled sp” 
Alkene HOMO iene LUMO Alkene LUMO \\Carbene HOMO 
| Antibonding interaction | Bonding interaction | 


(Linear approach of carbene to an alkene) 


From the above figure it becomes clear that the linear approach of the carbene to the 
alkene is impossible to build two new bonds because there is always an antibonding 
interaction. Two new bonds can be formed, however, if the carbene approaches the alkene 
in non-linear manner. In the non-linear approach of carbene, as shown below, the plane 
of the bonds of the two substituents on carbene is parallel to that of the C—C bond of the 
m-system. 


Bonding Bonding 
interaction interaction 


Filled x ——_ Empty p Empty z 4 Filled sp? 
Alkene HOMO \\Carbene LUMO Alkene LUMO ea ou 
Bonding 
interaction Bonding 
interaction 


(Non-linear approach of carbene to an alkene) 


[tt(“‘CSCTWT.VVVVVVVCCC.C;©6©S6OLVEDPROBLEMS.—h6UDTUUULULULUUUUUUUUCOC™~™COCCCCY 
1. Predict the product expected to be formed in each of the following 
reactions and explain its formation: 
(a) (2E, 4E)-2,4-hexadiene + ethylene = 
(b) (3E)-1,3-hexadiene + maleic anhydride —“~> 
(c) (Z)-2-butene —Y> 
(d) (E)-2-butene + (Z)-2-butene —“> 


Be te sua aases teas eet eames leer Ne ea sal aose saath ae emanate Cganic snenisiy: ® Maurienniede 
Solution 
(a) Thisis a thermal [4 + 2] cycloaddition reaction, i.e., it is an example of the familiar 
Diels-Alder reaction. The supra-supra fashion of addition is symmetry-allowed and 
also geometrically facile. Since the addition is syn, the two outer methyl group 
must have a cis relationship in the product. Placing the diene in the required s-cis 
conformation we may get the product as follows: 


(2E, 4E)-2,4-hexadiene 


iy 
a 
rn 
ro 
a 
+ [> 
Ao 
I 


HY \H H” “CH, 
Filiylene cis-3,6-Dimethylcyclohexene 


(b) This is also a thermal [4 + 2] cycloaddition reaction which occurs by a symmetry- 
allowed supra-—supra fashion. Since the dienophile maleic anhydride is a cis-alkene 
and the Diels-Alder reaction is a syn-addition, the stereochemistry of the junction 
is cis, 1.e., it is cis-fused. The addition occurs in the energetically favourable endo 
fashion to give the product in which the ethyl group is cis to the anhydride bridge. 


CoH; H;C 
5v2 H 
(3E)-1,3- HC. oH 2, WH O 
Hexadiene endo-addition : H H O — 
[x's + x’s] nia 
[O 
Maleic O 
anhydride 


endo-Adduct 


(c) This is a photochemical [2 + 2] cycloaddition which takes place by a symmetry- 
allowed suwpra—supra mode of interaction. This causes syn-addition to each alkene 
and as a consequence, the two methyl groups of each alkene unit remains cis to 
each other in the product. The two alkene units may combine in two fashions to 
give two diastereoisomeric tetramethylcyclobutanes. 
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Me Me 

ii Me Me Me Me A, 

e .” \\—Me HH. \S—Me 
H \ # A hv Me + H hv Me \ UAH 
Me [x’s + rs] H [x's + rs| sl 
H H 4H Me Me Me 
(Z)-2-Butene I II (Z)-2-Butene 
(two molecules) (two molecules) 


(d) This symmetry-allowed photochemical [2 + 2] cycloaddition leads to the formation 
of four (I-IV) diastereoisomeric tetramethylcyclobutane. The two methyl groups of 
each alkene unit will remain cis to each other in the product. 


Me Me 
Ae Me Me H— 
Me .“\\ Me H ” \—Me 
Me [n’s ‘i ea rs] a. s+ 7s] Hf 
H ae — Me 
(Z)-2-Butene (Z)-2-Butene 
(2 molecules) (2 molecules) 
Me Me 
Mer? we 
ee: oN H 
H—-\ .Me Me—\ Me 
4A eee” LEY Mea TES KA 
Me H 
(f)-2-Butene (E)-2-Butene 
(2 molecules) (2 molecules) 
Me 
Me Me 
AZ 
H “SMe H 
Me 7 hv, 
ae [x’s + 7’s] LW H 
H Me H 
(E)-2-Butene + IV 


(Z)-2-Butene 
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2. Determine whether the following supra-supra mode of cycloaddition 
reactions are symmetry-allowed thermally or photochemically? 
(a) Pentadienyl anion + ethylene —> cycloheptenyl anion 


(b) Pentadienyl cation + ethylene — cycloheptenyl] cation 
Solution 


(a) Itisa[z°s + z’s] process and is, therefore, symmetry allowed under photochemical 
condition but symmetry forbidden under thermal condition. 


Excited state 
HOMO (‘¥4) 
hv 
[x°s + 27s] 
S Bonding a Bonding 
‘?, interaction[, ~~ Jinteraction 
9 
Pentadienyl 3 
cation pean 
: — Cycloheptenyl 
anion 
Ethylene 
Ground-state 
HOMO (#3) 
x< 
[x°s + 17s] 


Bonding Antibondin 
ise, m= < Soe 


interaction 


Ground-state 
LUMO (n*) 


(b) It is a [as + a’s] process and is, therefore, symmetry allowed under thermal 
condition but symmetry forbidden under photochemical condition. 
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Ground-state 
HOMO (¥,) 
A 
/ ({n’s + 17s] 
Bondin aa Bonding 
XQ 8 iS 
CY interaction = a interaction 
) 
Cyclopentadienyl Ground-state i! e 
cation LUMO (n*) 
a Cycloheptenyl 
Ethylene cation 
Excited state 
HOMO (3) 
hv 
[x*s + 27s] 
Bonding Antibondin, 
; & 
interaction; SCARS 


interaction 
Ground-state 
LUMO (n*) 


3. Explain the formation of the product obtained in each of the following 


reactions: 
H H 
°, Quakes 
cis a re) : 
H 6 O 
I 
H H 
w Orn, «7° +, Oerht 
H = eG 
trans 12) 
Ph 6 O 
II 


Solution In each of these two pericyclic reactions, a conrotatory ring opening of the cy- 
clobutene ring (a four-electron system) first takes place to form a non-aromatic intermedi- 
ate which may act as a diene in the Diels—Alder reaction. This intermediate then readily 
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undergoes a Diels—Alder reaction with maleic anhydride through [z‘s + 2’s] mode and by 
endo fashion to yield the aromatic product (I or II). 


H 
eee ae A 
(a) (ay sect . &- Conrotatory Eh 
pe right opening H 


(four-electron system) 


Ph 
Cox, Diels-Alder ( Le 
; iels-Alder 
(Diene) : Ph: endo-approach ( Aik = = Orr 


oH [n's + 1°s] O 
OL O 
(Dienophile) 6 I O 
(Adduct) 


H 
(b) ( Awe cota 
H Ph right opening 


(4-electron system) 


AE 4 
Ph’ H eie-aeptond, approach 
[x's + 7s] 


ne 


0. 
7 a 
(Dienophile) 


4, Cyclopentadiene spontaneously dimerizes at room temperature to form 
endo-dicyclopentadiene (I) rather than its exo-isomer (II). Again, when 
the dimer is heated under a fractionating column cyclopentadiene is 
regenerated. Explain these observations. 


(Adduct) 


H H 
H H 
I II 


Solution When one molecule of cyclopentadiene acts as a diene and the other molecule 
acts as a dienophile in a Diels—Alder reaction, dicyclopentadiene is formed by a [z's + z’s] 
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process. The reaction may take place through the following two different stereochemical 
approaches to give the endo-isomer of dicyclopentadiene (I) and the exo-isomer (II). How- 
ever, only I is obtained. 


Diene CD sseama sl ae bOSE> exo-approach 
LD s+ st esl 


Dienophile 


Cyclopentadiene igeiipenialiots ti eeelocetiadtins 
(two molecules) (endo-isomer) (exo-isomer) 


FMO interactions: 


HOMO of one 
_— cyclopentadiene 
molecule 
(diene component) 


No secondary 
Secondar : 
orbital ater __ orbital 
actions interaction 
=a LUMO of another 
cyclopentadine 
molecule (dienophil 
component) 

(Energetically 
(Energetically less favourable 
more favourable exo-approach) 


endo-approach) 


When dicyclopentadiene is heated under a fractionating column, it regenerates 
cyclopentadiene by a retro-Diels—Alder reaction with the equilibrium being shifted to 
replace the more volatile cyclopentadiene which is being removed by distillation. 


A 
[rs + o7s + 07s] > 9 Ec» 


Dicyclopentadiene Cyclopentadiene 


5. Account for the following observation related to scambling of deuterium 
between A and B: 


hg + 
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Solution The scambling of deuterium between A and B can be explained on the basis of an 
intramolecular Diels—Alder reaction followed by a retro-Diels—Alder reaction. This trans- 
formation may be shown as follows: 


tsa rs) renee: 
EGON, “Trts+ 7s) 


6. 


esis 


Identify the product obtained in each step of the following reaction 
sequences and account for its formation: 


Hi O 
Me..." os ° leic anhydrid 
(a) Me ae ; ue | O rt. 4 150°C, p maleic anhydri eG 
7. CH, 
a O 
Coo _ 
benzene (CN),.C=C(CN). 
(bh) [°COnMé. apc > D eae > E 
CoH; 
CH.Br - = 
CH,.Br 
CoH; 


@ 
N=N A (2E, 4E)-2,4-hexadiene 
(d) Ce > H es 


(e) A \. ou >I Se 49) 
D3C NI CDs 


1 
COOCH; 
O 
a O A A 
® C5 + | o—->M—>N+ CO, 
O 
CH3 DMAD 
(g) Cy ° 4 7 2 A 5p 4 Propene 
CD; 


MeO,C CH,=C(OMe) A 
(h) wae es >R 
3 


O 
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Solution 
(a) In the first step of this reaction sequence is a [z‘s + z’s] thermal cycloaddition 
(a Diels—Alder reaction) to yield the compound A. 


[x*s + 2°s] 
O nt, 
(endo-addition) 
O 
(Diene) (Dienophile) (adduct) 


A 
In the second step, asymmetry-allowed thermal cycloreversion occurs in conrotatory 
fashion to give the compound B. 


H H 
a O Me fe) 
Me: 150°C HS O 
“Ss a Conrotatory H~_2 
ae QO __ Ting opening O 
H 4 Me 4 
B 


In the third step, the compound B undergoes a [zs + z’s] cycloaddition reaction 
with maleic adel ae endo-fashion to yield the compound C. 


fans a (adduct) 
C 
(b) The cyclobutene ring (a 4n electron system, where n = 1) undergoes a thermal 
conrotatory ring opening to yield an unsaturated aldehyde which undergoes a 
ready intramolecular [4 + 2] cycloaddition reaction (the C=O function acts as 
a dienophile) to give the diene D. In the next step, a [z‘s + 2’s] addition occurs 
between D and tetracyanoethylene to give the adduct E. 


CO,Me 


CDO Benzene/80°C cP _Ints+n’s) 5 s+ 17s] Hee 
RK Conrotatory a “Diels-Alder 7 


CO.Me ring opening 


[xs + 17s] ale 
Diels—Alder KONE CON 


MeO.C 


I ae lets ee ccna apnea esas eulaeet ide eae iat as Cganc shenisny. ) Mac manned 
(c) The starting dibromide undergoes debromination by metallic zinc with 
simultaneous ring closure to give a strained cyclobutene system which undergoes 
ready conrotatory ring opening to yield the diene F. In the next step, this diene 

reacts with the dienophile to give the adduct G through a [z's + 2’s] process. 


7 7 Et Et 
fo n 
CH,-Br Zn-Ag A oe Ge 
j a Conrotatory” S 
CH: (Br (-ZnBrg) CHe 
“ Et Et 
F 
Et ‘aad 
é - [x's + 2’s]_|COCHs 
A 
COCH3 (aromatization) 
Et G 


(d) When the starting zwitterion is heated, it undergoes elimination of CO, and No, 
to yield benzyne (H). In the next step, benzyne undergoes a [zs + z’s] addition 
reaction with (2H, 4#)-2,4-hexadiene to produce the compound I in which the two 
outer methyl groups are cis- to each other. 


Me 


® 
N=N ear oN 
= A . H [x's + 27s] 
C SOP? N00," @ : CNRI® Diels-Alder 
I H Benzyne 
Benzyne Me 
(2E,4E)-2,4- 
Hexadiene 


(e) Due to presence of the electron-withdrawing —COOCHs group on nitrogen, the 
electron availability on nitrogen is reduced and the pyrrole derivative can then act 
as a diene in a Diels—Alder reaction with DMAD, the dienophile. 

The first step is, therefore, a [4 + 2] cycloaddition reaction that occurs in supra- 
supra fashion to give the adduct J. 


N 
ee Se 
| [x4s + 1s] CO.CH 
I x OF /} - 
C / 


Pericyclic Reactions 8.67 


In the second step, the adduct J undergoes a [z’s + o’s + o’s] cycloreversion (retro- 
Diels—Alder reaction). Irreversible loss of gaseous acetylene drives the reaction 
towards the product. 


H3CO.C % 
N 
CD; H3CO2C CO.CH3 
CO.CHs3 / \ + HC=CH 
rn - 
7 [o*s +0’s + 1s] DsC " CDs L 
CDs CO,CH, CO,CH, 
K 


(f) In the first step, a [x‘s + z’s] cycloaddition reaction occurs in endo-fashion to yield 
the adduct M. In the next step, the adduct undergoes decarboxylation (a retro- 
Diels—Alder reaction) to give the product N. 


O O 
ZO H 
A fs | O A —_ Ais O 
O [x4s + 17s] C [22s + 02s + 07s] 
ee endo-addition (-CO,) 
O O 


N 


(g) A [4 + 2] cycloaddition followed by cycloreversion leads to the formation of 
compounds O and P, respectively. 


CHs 
Nae 
On, Se A CO.Me CO,Me 
ag + it v4a + wel 2 [7?s + o%s + 07s] Cr CO.M 
giNLe 
"| O CO,Me P 
CO.Me = 


(h) A [4 + 2] cycloaddition occurs first in supra-supra fashion to give an adduct (Q). 
In the next step, the adduct undergoes decarboxylation followed by the loss of a 
molecule of methanol to yield the benzene derivative R. 
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7. Explain the following cycloaddition reactions: 


(a) +(CN)sC=C(CN), Bets 
(b) (-)-cx, + MsO,C—C—=C—CO.Me Hetts OCn. 


CO,Me 
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(h) () + MeO0,C—C =C—CO,Me 2010, [7] + Cr 


Solution 
(a) This is a [14 + 2] cycloaddition reaction which is thermally allowed in antara, 
supra or supra, antara mode. However, the [z"‘a] + 2’s] process is more likely than 
the alternative [4s + xa] mode. The antarafacil addition on the heptafulvene 
molecule is possible because its twisted shape does not destabilise the transition 
state much. 


CO.Me 
CO.Me 


NC CN 
(b) This [8 + 2] thermal cycloaddition reaction takes place in geometrically feasible 
supra, supra fashion to yield a bicyclic product. 


CO,Me 
b CO,Me 
- [esr + “Fa (% 
co M CO,Me 
oivLe 


(c) This triene being a 6z-electron system undergoes disrotatory ring closure to give 
a diene which then undergoes a [z‘s + z’s] cycloaddition reaction with maleic 
anhydride in endo fashion to give the corresponding adduct. 


H 
OS mie D>: us 
/ eS imouto? T+ mr : 1] 
at ringclosure Diene endo-approach H O 
O 
Adduct 
O 


(d) The compound undergoes an intramolecular [4 + 4] photochemical cycloaddition 
in symmetry allowed supra, supra fashion. The resulting unstable compound 
undergoes ready [4 + 2] cyclo-reversion at room temperature (a retro-Diels—Alder 
reaction) in supra, supra fashion. 


AD rt. 
Sa ES 
he mae + 7 ow [ns + 0's + 07s] VA 


Unstable 


(e) 


(f) 
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A photochemically allowed [z*s + z's] cycloaddition reaction between benzene 
and 1,3-butadiene takes place to give an unstable adduct containing a trans- 
double bond in an eight-membered ring. The adduct spontaneously dimerises 
at room temperature in [z’s + z’al] fashion to give the product with the desired 
stereochemistry. 


Thermally allowed [za + 2’s] cycloadditions of olefines are not observed because the 
antarafacial addition with respect to an olefin requires twisting about its original 
mx bond is very difficult. However, ketenes undergo ready [2 + 2] cycloaddition 
reaction with alkenes in a [z’s + za] fashion in which the alkene always acts as the 
suprafacial component and ketene as the antarafacial component. This is due to 
the fact that a pair of interacting substituents are absent at one end of the reacting 
termini of the ketone (i.e., at the sp-hybridized carbon) and for this an orthogonal 
stable transition state is formed with the less hindered sp carbon of the ketene 
directed towards the more hindered side of the alkene double bond, i.e., C=O moiety 
of the ketene and the two Me groups of cis-2-butene remain on the same side. In 
fact, this addition occurs as a consequence of the fact that ketene has two sets of 
x orbitals at right angle to each other and overlap can be developed to orthogonal 
orbitals (dotted lines) and in addition there is transmission of information from 
one orbital to its orthogonal neighbour (bold line). 


1's é ! 


No=c=b “te Transition I 


v4 state (stable) 


(g) 


This is a [z‘s + z’s] thermally allowed intramolecular cycloaddition reaction (a 
Diels—Alder reaction) leading to the formation of a bicyclic cis-fused compound. 
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Me 
IN os _ [xs + 2s] cL 


(h) This eight-membered triene (a 6z-electron system) undergoes thermally allowed 
disrotatory ring closure to form a cis-fused bicyclic compound (I). 


aie C : ; 
=e 
Disrotatory 
I 


ercbenen ees ring closure 


H 


In the next step, a [z's + ’s] thermally allowed cycloaddition reaction (a Diels— 
Alder reaction) occurs to give an adduct (II) 


H 
COmMe H 
C A CO.Me 
Z Il [x48 + 17s] 
| 
CO.Me I CO.Me 


In the final step, the compound II undergoes a [z’s + o’s + o’s] cycloreversion 
(retro-Diels—Alder reaction) involving cleavage of bonds different from those from 
in the previous step. 


H. 
H 
CO.Me CO,Me 
| [ns + Zi +075] | t Ce M 
CO.M enh 
ll ee Cyclobutene Dimethyl phthalate 


8. Which one of the following two thermal electrocyclic ring opening 
reaction is expected to take place and why? Show the FMO interactions 
involved in both the reactions. 


HH 
@ CHO 20m  o yw > zea 
HH H 
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Solution 
(a) This reaction does not take place because a [2 + 2] cycloreversion that must be 


a [o’s + oa] process leads to the formation of a highly strained unstable cyclic 
triene with a trans-double bond in a small ring. Therefore, this reaction, although 
symmetry-allowed, does not take place. 


ay H 
COC ie + Wal 
oS ‘a 
cee 
| \ I Unstable trans-double 
(a 4- je system) : ll 
LUMO(o) bond eae sma 


(b) This thermal symmetry-allowed [4 + 2] cycloreversion (a retro-Diels—Alder reaction) 
takes place through a [z’s + o’s + o’s] process to give two benzene molecules. 


ye HOMO (] =~ = CGu® 


(\ Q 
LUMO (oc) 
H 


9. When the following cis-aziridine is heated with DMAD, the compound 
I is obtained predominantly. However, when trans-aziridine is used, 
the isomeric compound II is obtained predominantly. Explain these 
observations and show the FMO interactions involved. 


(a 6-electron system) 


C,H C,H 
as H {° °cO Me 

N 100°C > Nw 2 

Hw /'\_+H + MeO,C—C=C—CO,Me E> | a 
s 1, DMAD 

MeO, CO.Me MeO,07 , qyCOsMe 

A cis-aziridine (major) 

H H 
ih : roc. Me0.C, "8 °CO.Me 

+ MeO,C—C=C—CO.Me °C, ~ NS 


H CO,.M 
re givie DMAD H 


Me0,C MeO,C~ | CO.Me 
cis (II) 


A trans-aziridine (major) 
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Solution Each of the two isomeric aziridine derivatives (a 4-electron system; two un- 
shared pair of electrons on nitrogen and two electrons of the C—C o bond) undergoes 
thermal ring opening in symmetry-allowed conrotatory fashion to give a 1,3-heterodipole 
which readily reacts with DMAD through a symmetry-allowed [z‘s + z’s] process to give 
the product. Since the rate of interconversion of the two dipolar intermediates by C—N 
bond rotation is much slower compared to the rate of 1,3-dipolar addition, each of the reac- 
tion is stereoselective. The cis-aziridine produces the dihydro pyrrole I predominantly and 
the trans-aziridine produces the dihydro pyrrole II predominantly. 


C.H CeHs 
62275 en 
H N 100°C HY _2 © ~-CO,Me Me0,.C—C=C—CO,Me 
\ aX pu Conrotatory’ 2 (fast) 
= oo ring opening “Tome [xs + 1s] | 
MeO,C “COMe C.Hs 
sie H J CO Me 
cls » Ns 
iow) | “yoN$ 
MeO.C 7 H 
MeO,C  CO,Me 
C,H; Colts I 
| CO,Me °N 
H N CO.Me 100°C ae &-CO,Me Me0,C—C=C—CO;Me 
Ly Conrotatory a (fast) 
\4a7 ring opening H Ty Ix ein 7s] | 
MeO,C : “a C.Hs 
ae MeO0,C | CO,Me 
trans % Nu 


MeO,C CO Me 
Il 


FMO interactions for this 1,3-dipolar cycloaddition reaction may be shown as 


follows: 
or —a —Node| 
LUMO (y;') 
: _ZLUMO (ys) x = Ge 
CO.Me or 
MeO,c “ H Me0,C mO2Me 


D6 | = LUMO (7) 
MeO,C }) cote MeO,C he ro 
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10. Write down the product expected to be formed in each of the following 
cycloaddition reactions: 


O O 
CHO 
@ (CT + || 04> &) KS + 2 Qo —-4> 
CH; 
O O 
© aN 
ny NC 
(c) [ \ + LL is (d) N 4 | =e 
CO,Et Ph’ CN 
CN 
en + +> 
NC CN Me 


&, 
Pe 

lz 

iS 
NN 

mo 

Q 
2S 
= 

i 


CO,Me 
O AcO 
ey MGe ilies §) O As 
O 
NH, 
ae CO.Me 
(k) | 0 ra i 
CO,Me 
Solution 
O 
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(b) 


(c) 


(d) 


(e) 


(f) 


(g) 


(h) 


+ 
Se 


Z a 
en  ¢ 


° [8° 
O~- so” ~O 


aja chy, (endo-Adduct) 
W [x4 St+ 1. s] 
Me02C Y endo-approach 


CO.Me 
N NN LYCN 
YY 
by” Nea = a 4 4 
[x4s + 17s] ++ hy, 
ae * CN 1.3. Dipolar N “ON 
Ph vA cycloaddition - 
Ph 


a Me\ Me 
<A (0 a ncaa ex 


ae amid 1s] NC CN 
NC CN ring opening 1,3-Dipolar 
N i cycloaddition 


Me Me 
O2Me aiid O 
O 
co Ss C A MeO,C. 
I a 50 089 Ff [z*s + 22s] // oy CO.Me 
| | MeO,C 
Cevigs cOske CO.Me 


hv 
Uf. [x?s + 17s] 
H 
H hi 
__ ws 
[x?s + 27s] 
CO .Me CO,Me 


CO,Me CO,Me 
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O = + 6zElectrocyclic O 


A cz ring closure 
ee ere a aaa 
(i) Me [ns + 078+ 0°] Cet eo. 
retro-Diels—Alder Me | Za Me 


O 


AcOD 
. A [x*s + 1s] 
() 5) —AcOH Zo LS Diels—Alder 
H De ee 
O Diene O 
O 
cheletropic 
extrusion 
Be, (-CO) 


Dienophile 


O 
O 
NH, NH» 
MeO,C Diels-Alder H A CO;Me 
k) Fo 4° P— 4 > oH 
— [x*s + 27s] CO.Me H 
endo-approach C O,Me 2 HO CO.Me 
CO.Me 
NH, —H,O 
oo 


CO,Me 


11. The following cycloreversions take place, when heat is applied. Assuming 
these are concerted reactions, show that they are [o’s + o”a] processes. 


H H 
(2E, 42) 
me JN - 
(b) SS oo hs rr 
H “Me H = 


(2E, 4E) 
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Solution 
(a) The following diagram demonstrates that it is a [o’s + o”a] process which is 
thermally allowed. 


Me LN ate A Me 
SS %, = [o’s + o7al a Gi 
(2E, 4Z) 


HOMO 


The stereochemistry of the product is also brought out by the above diagram. The o 
bond (HOMO) opens up in conrotatory fashion and the other (LUMO) in disrotatory 
fashion. 

(b) The stereochemical outcome of this reaction becomes clear from the similar diagram 
as given below. 


(2E, 4E) 


12. The butadienes, I and II, are easily interconverted under thermal 
condition, suggest a reasonable mechanism for this reaction. 


CD; C,H; 
oon 124°C. Cm 
S-CH, ~  & CoHs 
CoHs CH; 
I II 


Solution The butadiene I undergoes thermally allowed conrotatory ring closure to give a 
cis-cyclobutane which then undergoes conrotatory ring opening to give the butadiene II. 


CoH; 
H;C¢ : CH; CoH: CDs Conrotatory we ? My, Conrotatory CHs Cele a C.Hs 
Nn ; 3 


ring closure H rea : 5 CDs ring opening 
I om 3 A “ny [x78 + 07a] Il 


8.78 Organic Chemistry: A Modern Approach 


13. Explain the following observations: 
(a) The following [z's + z’s] cycloaddition does not take place. 


O 

O 

A O 

+t 

O 

O 
(b) Budadiene on irradiation gives, apart from cyclobutene, substantial 

amount of bicyclobutane. 


~~ = IX 0 
0 
© CC3+[ so 
O 


(d) The order of reactivity of pyrrole, furan and thiophene as diene in a 
Diels-Alder reaction is as follows: 


— a os 
> mC] > 
= = = 
Solution 


(a) The cyclopropane ring has characteristics of a double bond and the reactant bicyclic 
hydrocarbon has a tub-shaped structure as shown below. 


pel 
R= Tub-shaped 
H structure 


The double bonds in it are not conjugated enough to react with maleic anhydride 
which is not sufficiently reactive, i.e., [zs + 2’s] cycloaddition does not take place. 
More facile alternative reactions take place. 

(b) The two ethylenic bonds may react as independent components. Since it is a 
photochemical cycloaddition, there is interaction between the HOMO of the excited 
part (SOMO) and LUMO of the unexcited part. It becomes clear from the diagram 
that the upper lobes of one overlap with the lower lobes of the other to give bicyclo- 
butane by [z’s + 2’s] process which is symmetry-allowed under photochemical 
condition. 
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(c) 


- HOMO (SOMO) of 


the excited part 
LUMO of 
unexcited part 


When this tetraene is heated with maleic anhydride, the given adduct is not 
obtained because the conjugated diene component is to be involved in the reaction 
in s-trans conformation in which the terminal carbons are far apart from each 
other to form a six-membered transition state. Also, due to structural rigidity, 


it can never attain the s-cis conformation which is, in fact, mandatory for such a 
reaction to take place. 


hv 
——s 
[xs + 2?s] 


Bicyclobutane 


es Unstable 
aS z (trans-double bond 
Tits + ie is a small ring) 


(d) 


14. 


(Unstable and 
cannot be formed) 
The resonance energies of pyrrole, thiophene and furan are 88, 121 and 67 kJ mol}, 
respectively. Therefore, the order of aromaticity is: thiophene > pyrrole > furan. 
Hence, furan being least aromatic reacts readily with electron deficient dienophile. 
Pyrrole behaves as a diene only when an electron-attracting group is attached with 
nitrogen to make it less aromatic by withdrawing the unshared pair of electrons 
on nitrogen. Therefore, pyrrole is less reactive than furan as a diene. The most 
aromatic thiophene, under normal condition, does not behave as a diene but it can 
act as a diene under extreme conditions. So, the order reactivity of these three 


heterocycles is: 
(> (> O 


Puren Pyrrole Thiophene 


Predict the products of the following reaction by considering FMO 
interactions: 


CO.Me 
50°C 
+ > —-s> A (major) + B (minor) 
CO,Me 
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Solution Both the diene and the dienophile have substituents on the terminal carbons. 
Therefore, during the Diels—Alder reaction, they can add with each other in two orienta- 
tions: exo and endo. Since the reaction is carried out at low temperature, the kinetically 
controlled endo product will be obtained as the major product (A). The transition state for 
the exo product is destabilized sterically and so, it will be formed as the minor product (B). 
endo-Approach 


HOMO (2) 
~ 
CO .Me H CO.Me 
CO,Me : COMe : - 
a 50°C H : — ‘ 
i = (ns + 1?s) , H Ce. 
CO,Me CO_Me : CO,Me : 
i. cee ut CO.Me 
A 
Ay endo-Adduct 
(major) 
LUMO (n*) 
Transition state for 
endo-addition (more stable) 
exo-Approach 
CO.Me H CO.Me 
(oane COMe 
Za 50°C NH ; ae 
C + Gils + 125) wig H Ce. 
CO,Me | CO,Me i 
rf a i CO.Me 
B 
/> exo-Adduct 


1 (minor) 


Transition state for 
exo-addition (less stable) 


15. Identify the products A—M in the following reaction sequences: 


iS A \. + MeO,C—C =C—CO,Me 4s A "=" p “30 + D 
Mé O Et 


O 
ow l \ + (pores 
Me O Me 
O 
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liq. NH3 
O 
Me CZ H e 
(d) CO Asp sg 
O 
p) A 2 NBS 1. ale: KOH/A 
(e) C7 = >K CCl, >L 2.S or Pd/A >M 
(f) Eo + cp n=“ 50 
Solution 
ate ha nie 
- =~ oe Ceo ued, Oy CO.Me 
a z04 (Pore kd s+ 77s] co, Me mele” CO sai, 
Et 
CO.Me 3 
retro-Diels—Alder 
(7’s + o’s +0°s) 
Vv 
Me0,C CO,Me 
TN. + CH=CH, 
Me Et 
. D 
ar HO. ~MeO 
BG. 
» 2D) = a coe, (1 0 
O pat O 
Me o Hoe y O 
_-H +H® 
O Sto 45 
Me O Me O 
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Ce 
© CE Nes, tiie, 
Tig. NH,” NH, 
ofbed [x‘s + 1s] 
O OH 
we : A Me H,0° Me 
2 a [x*s + 1s] we 
O O OH 
I 


Br 


OO ater CO 8 
ee [x*s + 1s] CCl, 


(Allylic bromination) B rT 


Ee Pd fat ( poe 
M 


(-2 ou 
O O Me Meg 
a x oe H,/Ni 
(f) Po a so ieewa? [2 Tay 
fe ee O 
N O 


16. (a) Explain the following reaction on the basis of FMO considerations: 


i =i DS 
+ —> 
SS So 


1,3-Butadiene dane 3- Suihélene 


dioxide 
(b) Predict the product expected to be obtained in each of the following 
reactions: 
Me 


(i) S + SO,-4> 


Me 
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Solution 
(a) Addition of SO, to 1,3-butadiene is an example of cheletropic reaction. The HOMO 
of SO, is that which has an unshaded pair of electrons in the plane of the atoms, 
while the LUMO represents the empty p-orbital perpendicular to this plane. 


= (LUMO) 


We 


Filled (HOMO) & ot 


The terminal carbon atoms of the diene must move in the disrotatory manner in 
order to have a bonding interaction of the HOMO of the diene with the LUMO of 
SO, or the HOMO of SO, with the LUMO of the diene. 


Bonding : 
interaction _ Bonding 

interaction 

4 O 

ms [x*s + wal m:< ifeawed : ae 
hb ‘o a \ 


£ O 
: SO, LUMO 3-Sulphonlene “\__80,HOMO 
Diene Bonding 


i Bonding Diene : : i - 
HOMO (¥,) | interaction LUMO (W3) [interaction 


(Linear approach of SO») 
It is clear from the above representation that the HOMO-LUMO interactions in 
the linear approach, oriented suprafacially to the 4z-electron system, are bonding. 
It is to be noted that the HOMO-LUMO interactions in the non-linear approach in 
which the 47-electron system adds suprafacially are not bonding. 


Bonding 
interaction Bonding 
interaction 
M4 LZ 
-~C >S<BSO,.LUMO——- fA... 
IN SO, HOMO 
Diene ‘. O 4“ O 
Antibonding LUMO (83) 
Diene interaction 
HOMO (¥4) Antibonding 


interaction 


(Non-linear approach of SO.) 


(b) (G) The terminal p orbitals of the diene involved in this cheletropic reaction must 
move in disrotatory manner in order that HOMO-LUMO interactions can 
take place in a bonding way. Because of disrotatory mode of ring closure, the 
outer methyl group in the diene become cis- to each other in the product. 


8.84 Organic Chemistry: A Modern Approach 


A 


Disrotatory 
ring closure 


(2E, 4E)-2,4-Hexadiene A cis-sulpholene 


(ii) When heated at a high temperature, 3-supholene generates 2,4-hexadiene 
in a reverse cheletropic reaction. A [z‘s + 2’s] cycloaddition (a Diels-Alder 
reaction) then takes place between butadiene and the olefin to form the cis- 
adduct. 


cis-Adduct 
17. When the following optically active ester is heated at 100°C, it undergoes 
racemization. Explain this observation. 


CO,Me 


Solution Since the Diels—Alder reaction is reversible in nature, this optically active bi- 
cyclic compound undergoes retro-Diels—Alder reaction on heating at 100°C to give cyclo- 
pentadiene and methyl acrylate reversibly. These two components combine again to give 
the starting compound or combine in another endo fashion to give its enantiomer. 


So, the starting optically active bicyclic compound is found to racemize on heating at 
100°C. 


retro-Diels—Alder MeO,C_ Diels-Alder 


(17s + 07s + 07s) ~ 7y (endo-fashion) 
[ms + 7s] CO.Me 
Diels—Ald 
CO2Me fend faghinns 
endo-Adduct (50%) endo-Adduct (50%) 


Enantiomers 
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18. The following transformation is an example of 1,3-dipolar cycloaddtion. 
Explain with a suitable diagram. 


Ph 
‘NY 


Ltn O- ey 


Solution This transformation involves a 1,3-dipolar cycloaddition followed by decarboxyl- 
ation and another 1,3-dipolar addition (intramolecular). 


ni 


N 


ae [ns + 125] pa ‘ 


bal [x*s + 07s] 


5 ame S <3 i 
[x*s + 27s] 


19. Provide FMO rationalization for the 2 of ozonide from ozone and 
an alkene: 


R R - O—O 3 
Fl 
R Rr BR’ NR 
Alkene Ozonide 


Solution The addition of ozone to an alkene is an example of a 1,3-dipolar cycloaddition 
reaction. Thus, the ozonide formation reaction can be analyzed in terms of a series of three 
concerted reactions. Ozone is a 4z-electron system. Therefore, formation of the unstable 
molozonide occurs through the [z‘s + 2’s] process. Reversion of 1,3-dipolar addition occurs 
when molozonide dissociates to give a carbonyl compound and a zwitterion. These two 
then combine through a [z's + 2’s] process to give the ozonide. 
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® 
bx 


OX ): 

: (0 Reversion of O O 
R OR [x4s + sl. oO =O) 1,3-dipolar eddie fs bs ee 
RY  R R R : 


ll 
S) 
ae RLR 4 20 
DA Xe [x4s + 1°s] KO RRR 


Ozonide 


STUDY PROBLEMS = [OT 


1. Predict the product expected to be formed in each of the following reactions: 


(2) [] +O) 24> wl Seu =Als 
CHO 


© U\+n4he @ CT +14 


fe) 

© COOK + on © 2 TOK +> 

(g) 2 O — (h) Coe + (NC)y,C=C(CN)y —4> 
O 


2. Suggest a mechanism for each of the following reactions: 


Molozonide 
(unstable) 


Ph Hs 
HC 
ee A 3 — 
0+C O + PhCN 
owe HyoO-S 
| 
CH; 
CO,Me 
(b) come + MeO0,C—C=C—CO,Me -4> [>—CO,Me + Cr 
CO.Me 


H 
5 Me 
(c) + Th As, 
CS O O 
CO,Me 


MeO,C H 
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3. 


(d) @ + MeO,.C—C=C—CO,.Me thy, 


(e) 

(f) 
NC CN 

(g) + de=oK A> 
NC CN me 


in an ia Heat 
(h) ae, 
0) 
L , CN 
(i) Cs + NC—C=C—CN —4> Cr +8 
CN 


ee: , CO,Et 
(j) Cx + Et0,C—C=C—CO,Et —4> Cr + SO, 
O CO,Et 
eo F.C CF, NC CN 
(k) } ( +F,;C—C=C—CF,-4> ° ar 
0 F5C CF; NC CN 


CO,Me 


(1) + Me0,C—C=C—CO,Me > Cr 7 J. i 
oiNLe 


Write down the possible combinations of the diene and dienophile that would react 
in a Diels—Alder reaction to give the following bicyclic compound. Predict the better 
combination. 


CO,Me 
CO,Me 


8. 


Organic Chemistry: A Modern Approach 


Explain why the following dienes or diyne do not react with tetracyanoethylene to 
give an adduct: 

CH, 
(a) md (b) (c) HC=C—C=CH 


CH, 


The compound A does not undergo the Diels—Alder reaction with DMAD but the 
compound B does. Explain. 


Me COMe 
A B 


Despite the tremendous amount of strain in prismane, its transformation to 
benzene (a stable aromatic system) is not spontaneous. Explain. 


Not 
Suffers from severe ea spontaneous @ 
; prec > 
angle strain 


Prismane Benzene 


Provide an FMO rationalisation for each of the following photochemical 
transformations: 
Ph 


Ph 


(b) PhsC=O + PhC=CPh—“> Ph,C=C—C—Ph 


fn 
O O 
© 4 », OY 
«ty a 


Predict the product(s) obtained in each of the following reactions: 


® Q 
(a) cis- PaCH=CHPh + Ph—C=N—NPh —*-> 


® Q 
(b) trans- PhCH=CHPh + Ph—C—=N—NPh —*-> 
Give stereochemistry of the product in both the dipolar additions. 
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10. 


11. 


12. 


Furan and maleimide undergo a Diels—Alder reaction at 25°C to give the endo- 
adduct as the major product. However, when the reaction is carried out at 90°C, 
the major product is the exo-adduct. Explain and rationalize on the basis of FMO 
interactions. 


O O 6) 


O 
H 3 ° NH 
aa P , 25°C / \ m | NH | 226 
os O ‘HO 
J NH Furan O H 


Maleimide 
endo-adduct - 7 exo-adduct 


(major) (major) 
Explain the following transformation in terms of four successive pericyclic reactions 
of which the first one does not involve the quinone moiety. 


. i ° Me. H 
Wf NIT =? qv 
O O H~ “Me 


Provide structures for the compounds A—R in the following reaction sequences: 


CHCl vee 
ia) @ +] hy, 4 Ht0,0-C=C—COBt. Bp _A SOLD 
CHCl 


Me 


(b) < O + MeO,C—C=C—CO,.Me A ,p Pil p SS G 


Me 
a NBS A 
(c) “TC + 802 >H wg? 1 > J 
S 200°C =—CO,M DDQ 
@ [Cv >K <> L aca? M 


© C+ A, yj Kh, o 


(f) ie: + MeO0,C—C=C—CO,Me > P45 Q+R 


Outline the synthesis of each of the following compounds using the Diels—Alder 
reaction in one or more of the steps involved: 


O 


H 
H 

(a) O Ed (b) 
O 


rf 0 O 
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Cl Cl 


(d) Q Cl 


Cl 


Cl 
O 


(e) O © DK Xf 


13. Write down the structure of the chiral allene which forms the following Diels— 
Alder adduct with cyclopentadiene. 


14. Suggest a mechanism for each thermolysis step and assign structures to A, B and 
C in the following reaction sequence: 


Me0,C—C=C—CO,Me 1. NaBH,/MeOH 
C a > A (Ci4H1405) 9 Aco/Pyridine > B (CieH1sOo) 
O 


CO,Me |* 
C (CgHgOg) + ~~ OAc + Cr 


CO.Me 
15. Classify each of the following steps and determine the reaction condition for it: 
2,3-Dimethyl-1,3-butadiene 


Me CO2H 
ne «aie 
HO,C—C=C—CO,H Me 


CO.H 
507? . O20 CO.H 
- aa”: Me E Me 
ug 
Me= Me on Me : Me 
Me Me Me M Me ; 


[Hint: The first step is a thermally allowed [z‘s + 2’s] process. The second step is 
also a [z's + 2’s] process and thermally allowed. The third step is a facile thermal 


ge ih acct eee fot 
dehydration as the two —COOH groups are cis and close to each other and the 
fourth step is an intramolecular [z’s + ’s] cycloaddition which is photochemically 
allowed forming an all-cis-substituted cyclobutane ring.] 
16. Explain the following 1,3-dipolar cycloaddition reaction by FMO approach: 


. 2 ae Ny 

CH =N=N: + =? \ / 
CO,Et 
Diazomethane Ethyl acrylate A dihydropyrazole 


8.4 SIGMATROPIC REACTIONS (REARRANGEMENTS) 


Introduction 


There are another class pericyclic reactions in which a o-bonded atom or group migrates 
from one end of a z-system to the other (equivalent to the migration of a o-bond) or a 
o-bond flanked by 2z-electron systems migrates to a new position within the molecule 
in an uncatalyzed intramolecular process. These reactions are known as sigmatropic 
rearrangements. 

When both the termini of a o-bond move, say one from C-1 to C-i and another from C-1 
to C-j, it is referred to as [i, j] order of sigmatropic rearrangement. For example, in the 
following reaction (known as Cope rearrangement), a o-bond migrates from C-1 to C-3 
position. Therefore, it is a sigmatropic shift of the order [8,3], since i andj both correspond 


to 3. 
aes A R Ans 
Zz [3, 3] shift” R—S~\ 
R73 S383 
A [8, 3] sigmatropic rearrangement 


When one end of a o-bond moves from C-1 to a carbon numbered j, but the other end 
remains attached to the migrating atom, it is referred to as [1, j] order of sigmatropic 
rearrangement. For example, the following sigmatropic rearrangement is of the order 
[1,5] because hydrogen migrates from C-1 to C-5 (j = 5); the other end of the o-bond is still 
attached to hydrogen (i = 1). 


o-Bond 1 1 o-Bond 
broken Hs A H 5  |formed 
rw V4 [1, 5-H shift all aA 
3 3 


A [1, 5] sigmatropic rearrangement 


Stereochemical course Since a sigmatropic reaction involves migration of a o-bond across 
the z-electron system, there are two possible stereochemical courses by which the process 
may take place. When the migrating o-bond moves across the same face of the z-system, it 
is called a suprafacial process and when it moves across the opposite face of the z-system, 
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it is called an antarafacial process. The following [1,5] sigmatropic shift of hydrogen 
illustrates the two possible courses: 


H 
VE \ = Suprafacial 
@) 


A B A B A B 


A 
VA \ Antarafacial _ 


H = eB A 
YY \B MDs /K H 
c/ \p 
c/ \p c/ U\p 


Suprafacial migration is more common than the antarafacial migration as the latter 
process consists of a more strained cyclic transition state. However, the antarafacial 
migration may take place for long range migrations like [1,7] H shift and this is because a 
large ring in transition state may tolerate the imposed strain. 


l 


8.4.1 FMO Rationalization for the Sigmatropic Shift of Hydrogen 
8.4.1.1 [1,3] Shift of Hydrogen 


Thermal reaction In FMO analysis, the [1,3] sigmatropic shift of hydrogen may be treated 
as the interaction of the proton LUMO (an empty 1s orbital) with the HOMO of allyl anion 


which is shown below: 
) 
HOMO (¥,) ™ 


Allyl anion 


The hydrogen atom must move to a lobe of same phase sign. The suprafacial shift of 
hydrogen is not allowed because this leads to an antibonding (out-of-phase) interaction. 
For in-phase bonding interaction the shift must be antarafacial. Although the antarafacial 
shift of hydrogen is symmetry-allowed, it does not take place because it is sterically very 
difficult. In fact, for bridging opposite lobes by the migrating hydrogen the z system is 
to be twisted far from planarity that requires for effective electron delocalization. Such 
a cyclic transition state is highly strained (unstable) and very difficult to achieve in a 
concerted reaction. Therefore, the thermal [1,3]-shift of hydrogen is not at all observed. 
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) eo 5 
HOMO of allyl anion 
Y, a pS Y, 
: \i= Antibonding interaction : 
O— LUMO of proton (1s) =A 
Thermal [1, 3] Thermal [1, 3] antarafacial shift of 
suprafacial shift of H: symmetry-allowed but 
H: symmetry-forbidden geometrically not feasible 


Photochemical reaction In photo-induced reaction, i.e., in the excited state of an electron 
from YW of allyl anion to V3 takes place and therefore, V3 is now the HOMO of the allyl 
anion. Suprafacial [1,3] shift of hydrogen is now symmetry-allowed, but the antarafacial 
shift is symmetry-forbidden (i.e., leads to an antibonding interaction). Again, the 
suprafacial migration imposes no steric strain in the transition state of this concerted 
reaction. Hence, photochemical [1,3] shift of hydrogen is facile and takes place readily. 


| LUMO of proton (1s) 
Z Excited state HOMO Antenne 
L of allyl anion thieraction 
5 
“(LUMO of proton (1s) 
Photochemical [1,3] suprafacial Photochemical [1,3] antarafacial 
shift of H: symmetry-allowed shift of H: symmetry-forbidden 


8.4.1.2 [1,5] Shift of Hydrogen 


Thermal reaction [1,5] shift of hydrogen may be considered as the interaction of the proton 
LUMO (an empty 1s orbital) with the HOMO of 2,4-pentadienyl anion. Thermal [1,5] 
suprafacial shift of hydrogen is symmetry-allowed because in this reaction hydrogen 
moves to a lobe of same phase sign. However, the antarafacial migration is symmetry- 
forbidden as it leads to an unfavourable antibonding interaction. 


| LUMO of proton (1s) 


HOMO of 2, 
4-pentadienyl anion 


_— Antibonding 
~~) interaction 


LUMO of proton (1s) 


Thermal [1,5] suprafacial Thermal [1,5] antarafacial 
shift of H: symmetry-allowed shift of H: symmetry-forbidden 
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Since the suprafacial migration of hydrogen does not involve any distortion or strain in 
the transition state, thermal [1,5] shift of hydrogen is facile and very common. 


Photochemical reaction In photo-induced reaction, 1.e., in the excited state, it is Va which 
is the HOMO of the pentadienyl radical and in this case, antarafacial shift of hydrogen 
is symmetry allowed but suprafacial shift of hydrogen is symmetry forbidden. However, 
the antarafacial shift is extremely difficult from geometric point of view, even though it is 


symmetry-allowed. 
Excited state HOMO 
of 2,4-pentadienyl anion 


1 Yi 
Antibonding PA 
~~) ———_ interaction “Gy 
0 ed LUMO of proton awe ; 
Photochemical [1,5] 
Photochemical [1,5] antarafacial shift of 
suprafacial shift of H: symmetry-allowed 
H: symmetry-forbidden but geometrically difficult 


8.4.2 FMO Rationalization for the Sigmatropic Shift of Carbon 
8.4.2.1 [1,3] Shift of Carbon 


Thermal reaction In FMO analysis, the [1,3] shift of carbon is treated as a case in which an 
alkyl cation migrates from one end to the other of an allyl anion and LUMO of the alkyl 
cation (an empty p orbital) interacts with the HOMO (y,) of an alkyl anion. For bonding 
overlap to take place, the alkyl cation acts as the antarafacial component and the z-system 
acts as the suprafacial component. Therefore, the migration which occurs with inversion of 
configuration at the migrating alkyl group is symmetry-allowed. 


| HOMO of allyl anion 
\ 9 
A 
— — 
\ 1 / 
L ‘ROR Cr 
WY 93 ei 8 pl 
“6 R ; <j R 
ae Se \ 


R2 ey R2 
LUMO of R® (Inversion of configuration) 
alkyl cation 


Thermally allowed [1,3] shift of carbon: 
supra-antara with inversion of configuration 
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The supra-supra migration of the alkyl cation is a symmetry-forbidden process and the 
antarafacial migration with respect to the allylic system, i.e., the antara-supra shift of 
alkyl cation is, although symmetry-allowed, geometrically not feasible. 


Photochemical reaction In photo-induced [1,3] shift of carbon, it is W3 (the excited state 
HOMO) of allyl anion which interacts with the LUMO of alkyl cation. Thus, the bonding 
overlap supra-supra shift of carbon occurs and there is retention of configuration at the 
migrating group. 


Excited state HOMO 


of allyl anion 
eA 
A Ws s 
hy 5 > 


Cc — C 
~ De 3 sf \- > mw 
pe/ BR Ri, Ves Rr [ R?® 
/ 5 
R2 Ji a 
Re 6 0 of (Retention of configuration) 


alkyl cation 


Photochemically allowed [1, 3] shift of carbon: 
supra-supra with retention of configuration 


8.4.2.2 [1,5] Shift of Carbon 


Thermal reaction In FMO analysis the [1,5] shift of carbon is treated as a case in which an 
alkyl cation migrates from one end to the other of 2,4-pentadienyl anion and LUMO of the 
alkyl cation (an empty p orbital) interacts with the HOMO (yz) of 2,4-pentadienyl anion. 
The alkyl cation as well as the z-system acts as suprafacial component for undergoing 
bonding interaction. Therefore, the migration which occurs with retention of configuration 
is symmetry-allowed. 


HOMO of 2,4- 
pentadienyl anion 


YW —> | 
Xe ~ - y 
ay SR Sed gas cedl Ri“ SR 
R? ; ag - 
. Pa (Retention of 
R é \ slic cation configuration) 


Thermally allowed [1,5] shift of carbon: 
supra-supra with retention of configuration 
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The antarafacial migration with respect to both the z-system and the carbocation, i.e., 
the antara-antara shift of alkyl cation is, although symmetry-allowed, geometrically not 
feasible. 


Photochemical reaction In photochemical [1,5] shift of carbon, it is Wa (the excited state 
HOMO) of 2,4-pentadienyl anion which interacts with the LUMO of alkyl cation. Thus, 
for bonding interaction, suwpra-antara shift occurs and there is inversion of configuration 
at the migrating group. 


Excited state HOMO 
of 2,4-pentadienyl anion 


2 2 
- *|, ~ LUMO of x 
R alkyl cation (Inversion of 
configuration) 
Photochemically allowed [1,5] shift of carbon: 
supra-antara with inversion of configuration 


Although the antara-supra shift of alkyl cation is symmetry-allowed, it is geometrically 
not feasible. 

[The stereochemistry of [1,3] and [1,5] sigmatropic shift of hydrogen or carbon may also 
be explained by considering these as a carbanion shift across a cationic 7-system or as a 
radical shift across a radical z-system.] 


8.4.3 Woodward—Hoffmann Selection Rules for [7, j] Sigmatropic Shift (where 7 = 1) 


Order (i, j) Suprafacial with respect to the Antarafacial with respect 
1-system to the 7-system 
Thermal Photochemical Thermal Photochemical 
An [1,3] shift Forbidden Allowed Allowed Forbidden 
H-shift (4n + 2) Allowed Forbidden Forbidden | Allowed 
(1,2] or [1,5] 
shift 


An [1,3] shift Allowed (inversion) | Allowed (retention) 


Alkyl shift | (4n + 2) [1,2] or | Allowed (retention) | Allowed (inversion) 
[1,5] shift 


8.4.4 FMO Rationalization for [3,3] Sigmatropic Rearrangement 


The transition state for [8,3] sigmatropic rearrangement can be visualized as the 
interactions of two allylic systems, one a cation and one an anion. 
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t 

For ae the transition state may be known as: os <> aes 

oa Ye 
The frontier orbitals involved are the HOMO of the anion and the LUMO of the cation, 
which are, in fact, the same MO (y) of the allyl system. The two MOs involved achieve 
bonding overlap when the [8,3] sigmatropic rearrangement occurs suprafacially on both 
the components. Because of symmetry allowed supra-supra interaction, the reaction is 
relatively facile thermally. [A reaction that is antarafacial on both the z-system is also 
allowed by orbital symmetry, but one that is suprafacial on one component and antarafacial 
on the other is forbidden. However, the former one is geometrically not feasible.] 
Althrough a chair-like as well as a boat-like transition state may be envisaged allowing 
supra-supra interaction, the reaction takes place through the more stable (low energy) 
chair-like transition state preferably. 


HOMO of ° 
allyl anion 


Wo 


LUMO of 
allyl cation 


(chair-like T.S.) (Boat-like TS.) 
Thermally allowed supra-supra interaction 


When irradiated, promotion of one electron from HOMO to the LUMO of allyl anion takes 
place. Therefore, Vs is now the HOMO of allyl anion which interacts with the LUMO (yw) 
of allyl cation. Now, an orbital analysis shows that there is one antibonding interaction. 
Thus, the reaction is photochemically forbidden. 


Excited state 


HOMO of allyl oe 
anion oe 
LUMO of 


valle cation 


Photochemically forbidden supra-supra interaction 


8.98 Organic Chemistry: A Modern Approach 


8.4.5 Cope Rearrangements 


One of the best known types of [3,3] sigmatropic rearrangement is the Cope rearrangement. 
When 1,5-dienes are heated, they undergo isomerization. For example: 


ee Kes a 

Ho —t—*«CS SN 7 
3,4-Dimethyl-1,5-hexadiene 2,6-Octadiene 

Mechanism of the reaction The reaction is concerted (the cleavage of C-3—C-4 bond is 


synchronous with the formation of C-1—C-6 bond) and proceeds through a six-membered 
cyclic transition state. 


r qt 
“ES a, [Hew] _. HC 
HC 3 3 
: PC = 2,6-Octadiene 
3,4-Dimethyl]-1,5-hexadiene TS. 
(aromatic) 


The reaction actually takes place through a chair-like transition state because it is more 
stable than a boat-like transition state to the extent of 25 kJ/mol. 


t CH 
CH, Gye 7CHCHs =| CH. CHCH CH cya? 
on CHCH; cH, CFs oy CHs~ ~~“ SCHCH; 
Chair conformation Chair-like TS. I 
(more stable) 
Il : a CH 
CH CH 
KS iss CH H oft, \ _. fH CH, CHCH, 
cot ?  CHCH, dae ee “CHCH;| ~~ a 
ki 
Z L J 
Boat conformation Boat-like TS. 


(less stable) 
The temperature needed to bring about the reaction depends on the nature of the 
substituents present. A conjugating group like CH,CO—, Ph, etc. lowers the energy of the 
transition state and the rearrangement takes oa at a relatively low ail 


LAS sono ME 176-180°C 
> 
on ew: er Bl = 
3 
Some relevant topics are discussed below: 


(a) An interesting variation of the cope rearrangement is the oxy Cope rearrangement. 
In this type of reaction, an enol is formed initially. Tautomerization of the enol into 
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(b) 


(c) 


(d) 


(e) 


(f) 


the corresponding carbonyl compound is a very favourable equilibrium that drives 
the reaction to completion. For example: 


If the C—C o-bond which breaks in the reaction is a part of a small ring, the 
rearrangement takes place rapidly at a lower temperature to form a strain-free 
product. For example: 


A molecule Strain-free A molecule Strain-free 
containing a strained molecule containing a strained molecule 
three-numbered ring four-membered ring 


A major disadvantage of the cope rearrangement from preparative point of view is 
the high reaction temperature. The rearrangement may, however, be carried out at 
a lower temperature in the presence of a catalyst like PdCl,, bis benzonitrile. For 
example: 


Me Me 


Ph. paci,(phcn), . Phra 
i THF: rt. ; ~ (97%) 


The 1,5-diene unit may present inside a ring or may be a part of allenic system. For 


example: 7 . AQ 


The reaction does not take place when one of the double bonds is a part of an 
aromatic ring and this is due to high loss of resonance energy, i.e. stabilization in 
the product. For example: 


Aromatic Nonaromatic 
(more stable) (less stable) 


A reaction in which the substrate and the product have the same structure is known 
as a degenerate reaction. Regeneration of homotropilidene from homotropilidine is 
an example of a degenerate cope rearrangement. 


_ AY 
[3,3] 


Homotropilidine Homotropilidine 
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8.4.6 Claisen Rearrangements 


This well studied [3,3] sigmatropic rearrangement is very much similar to the cope 
rearrangement except that a C—O o-bond is broken instead of a C—C o-bond. In this 
rearrangement, allyl aryl ethers and allyl vinyl ethers undergo thermal isomerization to 
give allyl phenols and y, 6-unsaturated carbonyl compounds, respectively. For example: 


i 

1 OH 

Ban 2. 20 
3 200°C ; CI ns Cy 


Allyl phenyl ether o-Allyl phenol O Ay, &unsaturated 
Se 
aldehyde 
An allyl 


vinyl ether 


Mechanism of the reaction The reaction proceeds through a concerted pathway involving 
a six-membered cyclic transition state. The bond between the y¥carbon of the allyl group 
and the ortho-position of the benzene ring forms at the same time that the carbon-oxygen 
bond of allyl phenyl ether breaks. The product of the rearrangement is an unstable 
cyclohexadienone intermediate that readily tautomerizes to give o-allylphenol. 


a 
CH 
AW bes rH H # 0 CHp 
og H 6c 
| A QO “CH wo tautom. 
Hy > crm —— 7CHs «He 
[ i Dienone 
Allyl phenyl ether Tranettiou ‘atate intermediate 


OH B a 


co —CH, 


o-Allylphenol 


Some relevant topics are discussed below: 

(a) When allyl phenyl ether in which the allyl group is labelled with “C at the ycarbon 
atom is heated, the rearrangement product is found to contain the labelled carbon 
bonded to the ring. The allylic group is, therefore, end-interchanged during the 
rearrangement. This observation is in agreement with the intramolecular cyclic 
mechanism. 
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(b) The allyl group migrates to the para-position if both the ortho-positions are blocked 
(para-Claisen rearrangement). For example: 


OCH.-CH ="CH, OH 
Me Me A Me Me 
a 


CH,CH= “CHs 


In the rearrangement product of the “C labelled ether, the labelled carbon is 
not found to be bonded to the ring. This observation can only be explained if the 
rearrangement proceeds by the following two-step process which involves double 
inversion of the position of !C label: 


CH t 
0 CH Rod Me 
CS . H 
Me Me —> |Me Q yjfH | —> Se 
CHy» “CHa 
Me CH 
Allyl 2,6-dimethylphenyl yo 
TS. Hy 
ether . . F 
Dienone intermediate 
Cope 
—— 
OH O : 
Me 
Me Me Me 2 Me Me 40H 
cceuons F 2 
_ <__2CH 
a 
CH,—CH="cH, H CH,CH=“cH, CH 
4-Allyl-2,6-dimethylphenol TS. 


(c) The rearrangement shows large negative value of entropy. This supports the 
formation of a cyclic transition state which is more ordered that the substrate. 

(d) Heating a mixture of two different ethers does not lead to the formation of cross- 
over products. The rearrangement is, therefore an intramolecular process. 

All the above observations when considered together provide a strong support for 
a concerted mechanism involving cyclic transition state. 

(e) This isomerization occurs because C-alkylation of phenols is thermodynamically 
more favoured over O-alkylation. 

(f) The C—O bond of the ether may be replaced by the C—N or C—S bond, 1.e., allyl 
aryl amines or allyl vinyl sulphides may also undergo thermal rearrangement. An 
allenic product may be obtained when the allyl group is replaced by a propergyl 
group. For example: 
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2 ead \| 
Na oeUIne CHj, Aasiivivngiaiipmade 


1 


ee a | A H;Cy 
1 | 4p > =c=cu—cH,cHo 


ii *CH, H An allene 
"CH 
A propergyl vinyl ether 


SOLVED PROBLEMS [oO 


1. Predict the diastereoisomeric products and explain the stereochemical 
course involved in the following sigmatropic reaction: 


Solution The diene undergoes [1,5] H shift in symmetry allowed suprafacial fashion from 
each of the conformational isomers to give a mixture of (3Z, 7R)- and (3E, 7S)-3-methyl 
7-deuterio-3,5-octadiene (two diastereoisomers). Since the migration is suprafacial, the 
absolute configuration of the chiral centre of the (3Z)-isomer is R and that of (8E)-isomer 
is S. 


250°C 
[1,5] Suprafacial 


H shift WA 


180° 
vie . = ; 
Sau C5_C6 Diasterioisomers (3Z, 7R)-3-Methyl-7-deuterio 
3,5-octadiene 


bond 


250°C 


[1,5] Suprafacial 
H shift 


(8E, 7S)-3-Methyl-7-deuterio 
3,5-octadiene 
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2. 5-Methyl-1,3-cyclopentadiene on heating with maleic anhydride produces 
a mixture of three isomeric products. Explain this observation. 
Solution When 5-methyl-1,3-cyclopentadiene is heated, it undergoes a facile thermally 
allowed suprafacial [1,5] H shift to give a mixture of three isomeric methyl substituted 
cyclopentadienes. These dienes then undergo the Diels—Alder reaction with maleic anhy- 
dride to produce a mixture of three isomeric adducts. 


H H 7 
H 
EX ——— boa tt WL )nte 
Me [1,5] H shift [1,5] H shift 


5-Methy]l-1,3- 1-Methy]l-1,3- 2-Methyl-1,3- 
cyclopentadiene cyclopentadiene cyclopentadiene 
I II III 
Now, 
I + II + Ii 
A O 
[x*s + 17s] | O 6 
endo-addition 
Me 
CH 
H H H 
O O O 
H bi H aa H 
O Me O O 
Me 
(from I) 0 (from IT) 0 (from ITT) 


3. When the following enantiomer of o-phellandrene is heated, it undergoes 
racemization. Account for this observation. 
CH; 
Heat _ (+)-a-Phellandrene 
(optically inactive) 


H.C oH 


o-Phellandrene 
(optically active) 


Solution When this enantiomer of a-phellandrene is heated it undergoes reversible su- 
prafacial thermally allowed [1,5] H shift. The chiral centre is not involved in this racemi- 
zation process. 
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24 Enantiomers 
1; FONG Ho. => 
. H 


AL 60° Rotation 
= about the axis 
* : K H 
H CH; ' CH, CH, H 
a (50%) (50%) DY 


(+) or rac-o-Phellandrene (optically inactive) 
4, Explain the following sigmatropic rearrangement: 


Me Me 
Heat oO 
Me Me 
A spirane A bicyclic compound 


Solution The siprane undergoes thermal isomerization to give a bicyclic compound with 
retention of configuration. Therefore, this conversion must involve a [1,5] sigmatropic 
thermally allowed suprafacial migration of carbon followed by two [1,5] thermally allowed 
suprafacial (with respect to the diene system) migration of hydrogen. This may be shown 


as follows: 
Me Me 
Me uH 
3} Al 
4 [1,5] C-shift [1,5] H-shift [1,5] H-shift 
X > 4 a acre 
3 3 
2 4 
Me Me Me 


5. Classify the following pericyclic reaction as [i, j] sigmatropic 
rearrangement, and indicate whether it is thermally or photochemically 


allowed: 


Solution It is a [3,3] sigmatropic rearrangement because both ends of the o-bond move 
to new positions relative to their original point of attachment. There will be a bonding 
interaction if the HOMO of allyl anion (y.) interacts with the LUMO of allyl cation (y,) su- 
prafacially with respect to both the components. That is, this rearrangement is thermally 
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allowed. Under photochemical condition, the frontier orbitals are the excited state HOMO 
of allyl anion (ws) and the ground state LUMO of allyl cation (y,). There will be an anti- 
bonding interaction if they approach suprafacially, i.e., suprafacial interaction is not pho- 
tochemically allowed. However, there will be bonding interaction if one of the components 
interact antarafacially. However, the antarafacial interaction leads to an unstable (high 
energy) transition state and so, the reaction does not take place through this pathway. 


HOMO (;) of allyl anion 


al 


Heat He 

[3,3] sigmatropic 

5 shift \ 
(Cope rearrangement) 


H 
LUMO (‘¥,) of allyl cation 


6. When 3-deuterioindene (I) is heated, scrambling of deuterium takes place 
among all the three non-aromatic positions. 


Solution Although the [1,3] sigmatropic shift of H in which the z-system behaves as the 
antarafacial component is symmetry allowed, it does not take place because of steric rea- 
son and therefore, the formation of the isomer II cannot be explained on the basis of [1,3] 
shift. Scrambling of D to all the three non-aromatic positions may be rationalized by a 
[1,5] shift of H or D involving benzene p orbitals. A [1,5] shift of D produces the unstable 
non-aromatic intermediate IV which then transfers H by [1,5] shift to yield II. Again, a 
[1,5] shift of H produces the unstable non-aromatic intermediate V which in turn under- 
goes [1,5] H a to i ITI. 


3S [1,5] D shift _ & D [1,5] H shift >) 5 
H 


I II 


Ill 
DH D D 


[1,5] H shift H [1,5] shift S. 
eS ees 
H 
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7. Thecis-isomer of 1,2-divinyleyclopropane undergoes Cope rearrangement 
whereas the trans-isomer does not. Explain this observation and discuss 
the stereochemical course involved when the cis-isomer rearranges. 


Solution The trans-isomer of 1,2-divinylcyclopropane does not undergo the Cope rear- 
rangement because the ends of the molecule, i.e., the two terminal sp” carbons are too far 
apart from each other. Since the ends of the molecule are very close to each other in the 
cis-isomer, it undergoes Cope rearrangement to yield 1,4-cycloheptadiene. 


H * Heat, 
H 


trans-1,2-Diviny]l- cis-1,2-Divinyl- 1,4-Cycloheptadiene 
cyclopropane cyclopropane 


cis-1,2-Divinylcyclopropane can exist in two forms. One is less stable ‘coiled’ form in which 
the two vinyl groups point back towards the cyclopropane ring and are much closer to 
the offending syn hydrogen and the other is more stable ‘extended’ form in which the two 
vinyl groups are directed away from the ring, i.e., from the syn ring hydrogen. However, 
the more stable extended form cannot undergo the Cope rearrangement because it leads 
to the formation of a very unstable isomer of 1,4-cycloheptadiene with two trans double 
bonds. Thus, the rearrangement takes place through the less stable coiled form to produce 
a stable isomer of 1,4-cycloheptadiene with two cis double bonds. 


Bond 
rotation — 


a form of cis- ‘extended’ form of 
1,2-divinylcyclopropane cis-1,2-divinylcyclopropane 
(less stable but suitable (more stable but not 
for rearrangement) suitable for rearrangement) 
x 
Vv 
H 
| H H <> trans 
"af =< 
H _ a trans 
H 
cis, cis-1,4-Cycloheptadiene trans, trans-1, 4-Cycloheptadiene 
(stable because the two (unstable because a small 
double bonds are cis) ring cannot accommodate a 


trans double bond) 
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8. When the allyl vinyl ether (I) is heated, one of the two enantiomeric 
enones (S) II or (R) III is formed as the major product (> 96%). Predict the 
structure of that enantiomer and explain why it is the preferred product. 


Solution The allyl vinyl ether (I) undergoes Claisen rearrangement through the chair- 
like transition state to yield the two enantiomeric enones as follows: 


O 
H O™S H/o H H | a AX 
wes = Ver A ae or 
CH3 = (on, =o ~ —> H 
Claisen 
I rearrangement TS. S-II 
|| (more stable because (major) 
the sec-butyl group is 
equatorial) 
V4 
(or oF CH o— 
ia [3, 3] =~ S=CH; 
Claisen : 
rearrangemen 4 
TS. H 
(less stable due to (f)-III 
1,3-diaxial interaction (minor) 


caused by the axial 
sec-butyl group) 
(S)-II is obtained as the major product to avoid the 1,3-diaxial interaction in the chair-like 


transition state. 
9. Predict the product and give a mechanistic rationalization for each of the 


following pericyclic reactions. 
OSiMe 3 


(a) Yl i b) O-S 


Me~ “Oo 
Me Ss 22tiey 
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os 
(c) ws @ Age 
© yh roo - (f) ety 
| 
D oe OH 


Solution 
(a) This allyl vinyl ether undergoes Claisen rearrangement (a [8, 3] sigmatropic shift) 
to give an unsaturated ketone. 


Mer -O 
= oe 
4 3a cea = 
Me? oy 83! Me So Me 
1 Me Me 


(b) This trimethylsilyl enol ether undergoes [38, 3] sigmatropic shift to give the 
corresponding cyclohexene derivative. 


OSiMe; 


bth 
it OS 
ows 
go 188 OSiMe; 


(c) When this allyl vinyl ether is heated, it undergoes Claisen arrangement to give an 
unsaturated aldehyde. 


1 2 
1 
aes t 
—_> 
3 [3, 3] 


1 
—— _'0 2 A s oO = 
(d) 9 = eels [3, 3] ak 
3 


(e) This dihydrofuran undergoes [8,3] sigmatropic shift to give an isomeric compound 
in which the positions of D and H have been exchanged. 


he) 4 n O 
Ss — | 
H Bo ~e20 [3, 3] who _ ee: 
1 H 


| 
D 


CH,CHO 


Pericyclic Reactions 8.109 
e 


(f) This unsaturated alcohol undergoes Cope rearrangement (a [3,3] sigmatropic shift) 
to give an enol which readily tautomerizes to give the corresponding ketone. 


H 


H H 
aaa? — OH tautom. O 
OH OH 
H H 


10. The following phenylhydrazine can be converted to an indole derivative 
by the reaction given below. Propose a reasonable mechanism for this 
reaction. 


Dhecln HF 


Solution This phenylhydrazine has the ideal structure for undergoing a [8, 3] sigmatropic 
rearrangement. In this process, the N—N o-bond is broken and as highly unstable double 
imine is formed. When this imine is treated with acid, it is readily converted into an indole 
derivative. The mechanism of the reaction may be shown as follows: 


11. (a) The compound A has been prepared and is found to be stable in gas 
phase at 70°C. Explain why the conversion of A into B would not 
be expected to take place as a concerted reaction, even though the 
product is aromatic. 
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(b) Explain why the conversion of C into D is expected to take place as 
concerted reaction. 


il 


; 

rfp ea 

C D 

Solution 

(a) Theconversion of Ainto B requires a [1,3] sigmatropic shift of hydrogen. According to 

the principle of orbital symmetry, the thermal suprafacial [1,3] H-shift is forbidden 
but the antarafacial [1,3] H-shift is allowed. However, because of structural rigidity 
of A, antarafacial shift of H involves a highly strained and unstable transition state 
which is not possible to attain in a concerted reaction. For this reason, conversion 
of A into B would not be expected to take place concertedly. 


“| proton (1s) 


I 
' 
i 
1 
! 
l 
T 
' 
! 
\ 


A. 
CH, [1,3] H-shift ) ) Symmes CH 
(antarafacial) , allowed but 
— geometrically 
H not feasible 


HOMO (ys) 


of allyl anion 


(b) The conversion of C into D requires a thermal [1,5] H-shift. Since the suprafacial 
[1,5] H-shift is symmetry-allowed, the conversion takes place concertedly. 


LUMO of 
AB proton (1s) 


t f 


CHS 


HOMO (ys) of 
pentadieny]! anion 
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12. Suggest a suitable mechanism for each of the following pericyclic 
aa 


(a) OF =e oe 
(b) emer Me Heat aa 
Me 


Z Me " ~ Me tL] H ie 
© Sr ae @ Cy" 
S7 oO Ss *O * 
ww —~ =a 
Me Me 


(e) on Heat OH 
a Me 
OF Se O | 
(f) oO Heat , 
Me 


Me Me u H 
(g) » ( Oo Hes Ho 


r \ 
(h) ene: Heat , ott, 


O 
Ve es Heat . CH; 
(i) HC CHs CH; 
CH, 
fe) o 
Gg) eee ee ee —Heat , » e 
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Solution 


Disrotatory 
(Heat a aan _Ting closure . closure 
“Tel Heehift ° 5] H-shift 


(a) 
(67 electron 
system) 
Om #* QO. O . 
(b) S Me Heat [3,3] a 
[3,3] Claisen . Me Cope Me H 
rearrangement 


rearrangement 


Me Me 
ies AY Heat _(1,5] H-shift_, ssn ae: Pisriatons ( C 
thermally ring closure 
iS) O allowed mally Ss O 

ring opening 


(6z electron 
system) (67 ae 
system) 
1 
‘Op O 
2 3 (3 H 
d ‘ Heat m [3 coy BSL [3,3] 
( ) [3,3] Claisen “Cope rearrange-” rearrange- Cope rearrange- 
rearrangement ment ment 
SS —— 
Me Me 
O 
ok 
H Me 
Me 
1g OH 
? 3 ___Heat oy tautom. 5 Me 


M 
(e) ee a. * 73,3] Claisen > 3] Claisen 
O ae 3 aoe Me 
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1 1 
3 Heat 
(f) [3,3] Claisen Cu 
rearrangement 


___Heat__ iy 


"al Ciaisen 3] Claisen 
SS eee 


__Heat__, 


“Disrotatory > 
ring closure 


O 


_ oe 


tautom. 


O 
| 0 
[1,5] H-shift O 
c__O _y, 
(h) CIES nama, [74s + 1s] 
(i) no Oe 


Disrotatory 


H-shift ring closure 


[1,3] 


(6z electron 


on 
system) 


O 
9 Me 
0 Me 
H 
H 
——_—;. 
[ 4, 2 i O 
wide adiicon ae 
O 
O 


endo-addition 


on Eee 
- 


H 
H 
O 
s 
O 


{1 [1,5] C-shift_. C-shift 
HG CH, 
HC 


6-electron system 
Disrotatory ring opening 


O 
Heat Oz ; i ie 
[3, 3] Claisen S 
rearrangement 
|[utom. 


<__3.3) 


<— Glaisen 
rearrangement 


os 
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13. Explain the formation of the terpenoid citral through the following 
reaction sequence via sigmatropic rearrangement: 


H 
9 P 7-H “HO , 38 a —— 


citral 


Solution When the allyl vinyl ether (A) is heated, it undergoes Claisen rearrangement to 
give a carbonyl compound (B) which subsequently undergoes Cope rearrangement to give 


citral. 
) / = (= _(-H;0) 
y/, ” anil “Ms G9) Tre [3,3] ra ry 
rearrangement 
B 
| 
0 [3,3] =o 
a Cope Y, 
rearrangement Ae 


14. What do you mean by ‘Walk rearrangements’? Explain with a suitable 
example. 


Citral 


Solution In some sigmatropic rearrangements, it has been observed that cyclopropyl ring 
fused with a larger ring (i.e., in bicycle [n.1.0] systems) containing conjugated z-system 
appears to be walking around the ring in a concerted process; this type of sigmatropic re- 
arrangements are called ‘walk rearrangements’. 


The migration must necessarily take place in suprafacial fashion with respect to the 
larger ring (on the same side as the cyclopropane ring) but may be either suprafacial or 
antarafacial on the migrating group so as to make the process symmetry-allowed. When 
the carbon migrates suprafacially, it retains its configuration but its two substituents 
alternate their position as endo and exo. However, when the carbon migrates antarafacially, 
it undergoes inversion of configuration with the result that the endo and the exo groups 
remain endo and exo respectively through the walking process. For example, the bicyclo 
[2.1.0]pentyl derivative (I) undergoes thermal [1,3] sigmatropic rearrangement to give 
the relatively more stable isomer (II). The orbital picture is given in the middle which is 
consistent with the stereochemistry, 1.e., inversion at the migrating centre and retention 
of the endo-exo status of the substituents. 
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; M LUMO of 
Me Me0,C™, 7 = carbocation 


ae Med0,c=7 Me ae 
[1,3]-shift ' 
a es. == etc 
Il 
HOMO of 


allyl anion 


Thermally allowed [1,3] shift of carbon: 
supra-antara with inversion of configuration 


15. The optically active diene A racemizes on heating at 50°C. Account for 


this observation. 
H 
PA 
H 


Solution This chiral diene undergoes Cope rearrangement (i.e., a [3,3] sigmatropic rear- 
rangement) to produce its enantiomers (A’). Similarly A’ undergoes Cope rearrangement 
to give A. When the rates of the two transformations become equal, a racemic mixture 
(optically inactive) is obtained. 


H 
Heat = 
[3,3] sigmatropic _ 
(Cope cnr x H | 
| 1, 
H , yy, ee a 
a ! (50%) 
ee 


(+) 


Racemic mixture 
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16. Predict the product in the following sigmatropic reaction and explain its 
formation on the basis of FMO theory: 


300° 


H— OAc 
D AH 


Solution This deuterium lebelled bicyclo [3.2.0]heptene (A) undergoes thermally allowed 
[1,3] shift of carbon (C-7) with inversion of configuration. The LUMO of the alkyl cation 
(an empty p orbital) interacts with the HOMO (y,) of an allyl anion. For bonding overlap 
to take place, the alkyl cation acts as the antarafacial component and the z-system acts as 
the suprafacial component and because of this, exo-norbornene (B) is formed stereospecifi- 


cally. 
3 Ket . HOMO (yo) of 
allyl anion 
[1,3] ce Q 


2 — 
OAc H OAc ‘ 
D 1* H D WO \H y 


Pied LUMO of 


A 
(D, OAc trans) TS. 1 alkyl cation 


V 


iS 


a 
(D, OAc cis) 
17. Explain the formation of the products in the following reactions (Cope 
rearrangement): 
— Me H 
Me H _Heat. 4: SK _ Me 
Me H Me Me _=<Me 
a H H 
meso-3,4-Dimethyl- (2E, mor (2H, 6E)-2,6- (2Z, 6Z)-2,6- 
1,5-hexadiene Octadiene Octadiene Octadiene 


(99.7%) (0.3%) (not obtained) 
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~ Me Me Me 
Pi _Heat. S<H re “SSH og Sy 

Me H (os Pe ds —=<Me 
oa Me Me H 

Active 3,4-Dimethyl- (2E, 6E)-2,6- (2K, 6Z)-2,6- (2E, 6Z)-2,6- 
1,5-hexadiene Octadiene Octadiene Octadiene 
(one enantiomer) (90%) (9.9%) (0.1%) 


Solution The Cope rearrangement is highly stereoselective. The reaction proceeds pref- 
erentially through the more stable (lower E,,,) chair-like T.S. I rather than the less stable 
(higher E,,.,) boat-like T.S. II and because of this, meso-3,4-dimethyl-1,5-hexadiene isom- 
erizes mainly through the chair-like T.S. I to yield (2E, 6Z)-2,6-octadiene predominantly 
(99.7%). A very small amount of the (2E, 6E)-isomer is obtained through the boat like T.S. 
II. Since the boat-like T.S. III leading to the formation of (2Z, 6Z)-isomer is least stable 
(due to steric strain), it is not at all formed, 


- Me Me Me |* Me 

= = OS Mw. pH ANH 

Qin, Mes | Me| — = Me 
ll Me H 


Chair a Chair-like TS.1 (2E, 6Z)-2,6-Octadiene 
of (most stable) (99.7%) 


meso-3,4-Dimethyl- 
1,5- os 


I Mey 


[Xx - \ Me 
H aoe 
Boat form! Boat-like TS. II 


2E. 6E')-2,6-Octadi 
(less stable) (2E, 6E)-2,6-Octadiene 


|| (0.3%) 
A + N12 
H jy Nw i, H Me 
M ie ite Me 
‘ F 
Boat-like TS. III (2Z, 6Z)-2,6-Octadiene 
Boat form > meas (not obtained) 


(least stable) 
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Active 3,4-dimethyl-1,5-hexadiene rearranges through the most stable chair-like T.S. IV 
(free from 1,3-diaxial interaction since the methyl groups are equatorial) to give (2H,6E)- 
2,6-octadiene predominantly (90%) and through the less stable chair-like T.S.V (which 
suffers from 1,3-diaxial interactions due to presence of two axial methyl groups) to yield 
a small amount (9.9%) of the (2Z,6Z)-isomer. A very small amount (0.1%) of the (2E,6Z)- 
isomer is obtained through the least stable boat like T.S. VI. 


Me t 
= 2H " A ce H 
= aS e Bal] S7~Me] | ~~ Ay 
| Me 4H H Hf 
— Chair form Chair-like T.'S.IV (2K, 6E)-2,6-Octadiene 
ri te (most stable) (90%) 
ZA 
Active 3,4-dimethyl I t 
1,5-hexadiene A 
? '—~> 
(one enantiomer) _ 7Me 3,3] a Me 
HY = <a u Me 
7 Me tt 
Chair form Chair-like T.S.V (27, 6Z)-2,6-Octadiene 
1| (less stable) (9.9%) 
, 7 A 
AFH | a AN ie H 
3,3 Se \ ‘ —— 
Z Me ~ ~Me =——= \ Me. = Me Me 
7 u Me H 
oe Boat-likeTS.vI (24, ccs 
(least stable) (0.1%) 


18. When (4S, 6E£)-2-methyl-4-phenylocta-2,6-diene is heated, it undergoes 
Cope rearrangement to give (1E, 4S)-3,3,4-trimethyl-1-phenylhexa-1,5- 
diene as the major product and the (1Z, 4S)-isomer as the minor product. 
Account for this observation. 


Solution The rearrangement takes place mainly through the more stable chair-like tran- 
sition state I (only one Me group is axial) rather than the less stable chair-like transition 
state II (the Ph and two Me groups are axial) to yield (1, 4S)-3,3,4-trimethyl-1-phenyl- 
hexa-1,5-diene as the major product. 
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(4S,6E)-2-Methyl-4-phenylocta- (1E, 4S)-3,3,4-Trimethyl- 
2,6-diene 1-phenylhexa-1,5-diene 
(major) 
Il Il 
H a H 
. i 7 Me} Ph ~N 
3} SMe [3,3] ace Me 
Ph ——. Cope Phy g2-ss2.. Me |—> a Me 
H Me H Me Me 


Chair-like T.S. I 
(more stable) 


e 
A = OS A 
H S/H [3,3] 
Me cope * Me Me 
ZZ 
Me Me 
Chair-like TS. II || 
(less stable) 
H H., Me 


Ph Me Me 
(1Z, 4S)-3,3,4-Trimethyl- 
1-phenylhexa-1,5-diene 
(minor) 


19. Account for the following transformation and show the stereochemistry 


of the product: 
Me 
Me 
D Heat 
OCR CO 


Me H 


Solution This transformation involves two consecutive pericyclic reaction. A thermal six- 
electron electrocyclic ring closure by symmetry allowed disrotatary pathway takes place 
first to produce an unstable nonaromatic intermediate. The intermediate then undergoes 
a thermally allowed suprafacial [1,5] D-shift to give the product. 
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Me 
Me Q i 
ahd igD 
D C- A NE M [1,5]D-shift Co a 
——— re —EeEE si 
D Disrotatory q . - Z \ . 
oe ae ring closure 5 D D %, D 


20. Explain each step in the following concerted transformations: 


H, i. Me 
Me —C—C=CH “C=C=CH oe 
(a) | = ae ae al 
H“C—C=CH HC =C=CH add 
Me Me H 
H, H. Me 
- Me CRON a. Mee Oa oo 
Me —C=CH Me"C =C=CH dl 
a a 
H H Me 


Solution 
(a) The first step of this reaction sequence is a thermally allowed [3,3] sigmatropic 
shift involving six electrons. The second step is an electrocyclic reaction involving 
butadiene moiety. The structure of the product reveals that the ring closure has 
taken place through controtatory mode as expected according to the selection rules 
for the butadiene system under A condition. 


H, Wi Me 
Me —C=-C=CH = C= CH 

of —_— ee oe 1 A NS 

Hoc¢—C=cH [3,3] + _.- H mC =C==CH Conrotatory aaa 

Me~ SS Sigmatropic shift ao ring closure 
Me H 
H Me 
Me—C+C=CH 4) C=C = CH 
(b) SS Se Fe 
Me-C—_C=CH [3,3] = Move =C{CH Conrotatory HnN2 
H ao oes Sigmatropic shift ao ring closure 


Me 


21. Write the structure of the products with stereochemistry in each case: 


A/toluene A/toluene 
(a) Traces of (b) O Traces of 
“S  CH,CH,COOH Tl CH,CH,COOH 

Ow < 
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Solution 
(a) This allyl vinyl ether undergoes Claisen rearrangement (a [8, 3] sigmatropic shift) 
through a chair-like transition state to yield the (E)-isomer of an unsaturated 
aldehyde. 


A/toluene 
CH,CH,COOH 
(trace) 
a) [3,3] sigmatropic 


on shift 


oe) 
\ 


CHO 


(F)-isomer 


(@) — A/toluene 
= baru Taets > 
(b) O CH,CH,COOH 
Tl >= (trace) 


S [3,3] 


chy — 


(Z)-isomer 


TS. ~ 


22. Predict the products of the following reactions: 
CH3 

A A 
(a) — (b) —_ 


8.122 Organic Chemistry: A Modern Approach 


CH CH = 
(5lH-shitt = CHs [3, 31 
(a) ae (b) OC) (6 > oC) 
yy = = 


(Suprafacial) 


(c) 529 ae a 3] RS 


H 
: = ee 
oH & O O 
~~ hoH H 


23. What is called an ene reaction? Give a suitable example and explain with 
FMO approach. 


Solution An olefin containing an allylic hydrogen atom (the ene) reacts thermally with a 
multiple covalent bond like C=C, C=O, N=N etc. (the enophile) with the formation of 
a new o-bond to the terminal carbon of the allyl group and migration of the allylic C—H 
o-bond to one end of the enophile simultaneously. This reaction resembling both cycload- 
dition and a [1,5] sigmatropic shift of hydrogen is known as the ene reaction. 


New C—C o bond 
~— 
e + || > I 
<™_A 


H H \ New C—H o bond 
Ene Enophile 


The ene reaction is always a six-electron reaction. The FMO interaction involves the 
HOMO of the allylic C=C bond, LUMO of the allylic C—H bond and the LUMO of the 
enophile. The formation of C—H and C—C o bond take place in suprafacial fashion. 


HOMO (2) 
of the allylic 
double bond 
i. — {) 
(1 H 
LUMO (o*) | LUMO (r*) 
of the C—H — of enophile 
bond 


ALS LAL Lr or ee once eee ee eee mee NT vere ere tere 
24, Provide a convenient way (a mnemonic method) for remembering the 
selection rules without re-deriving them using the phase relationships. 


Solution A very easy way to remember the selection rules for predicting the feasibility of 
a pericyclic reaction is given below: 


(i) Thermal and photochemical reactions are to be assigned +1 and —1, respectively. 
(ii) The reactions involving (4n + 2) and 4n electrons are to assigned +1 and —1, 
respectively. (iii) Disrotatory, suprafacial, or retention of configuration is to be assigned 
+1 and controtatory, antarafacial, or inversion of configuration is to be assigned —1. The 
stereochemical assignment is to be made for each component of the reaction. Thus, for a 
sigmatropic reaction or a cycloaddition, two such assignments are to be made. (iv) The 
resulting numbers are to be multiplied together. 

Then, if the product is +1, the reaction is allowed and if it is —1, the reaction is forbidden. 


That the thermal [1,3] suprafacial migration of carbon with inversion of configuration 
in the migrating group is a symmetry-allowed process can be predicted by this method. 
Now, +1 is to be assigned for the thermal mode, +1 for suprafacial stereo-chemistry on one 
component, —1 for inversion stereochemistry on the other, and —1 for 4n electrons. Then, 
the result is: (+1) (+1) (-1) (-1) = +1, 1.e., the reaction is allowed. 


Po STUDY PROBLEMS 


1. Suggest a mechanism for each of the following transformations: 


tM OH 
eX XJ eG bk 


CHs A Za 


AS 


CH, 
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Me Me H 


2. Cis-1,2-divinyl cyclopropane (I) undergoes Cope rearrangement at a rate faster 
than the corresponding dimethyl compound (II). Why? 


Ete (fast) es O) | ie ee 


[Hint: Because of steric reason the coiled fas - II is much less stable.] 
3. Explain why cis-1,2-divinylcyclobutane rearranges at a much lower temperature 
compared to its trans-isomer. 


H 


H 80-110°C , _150-200°C , See 


‘ol 


a trans 

4. The novel hydrocarbon bullvalene (C,)H,9) can undergo rapid [3,3] sigmatropic 
rearrangements at room temperature. Write an equation illustrating this type of 
rearrangements in this hydrocarbon. 


£2 


Bullvalene 
5. Identify A and B in the following transformation: 


rt = A, 260°C, p 


[Hint: A [1,5] H-shift followed by electrocyclic ring opening. ] 
6. Suggest a suitable mechanism for the following reaction: 


k 


Ph Ph 
Br Ph ets Ph ANN Ph 
Ph «Ph 


7. Thetautomerism ofan enol toacarbonyl compound appears to be a [1,3] sigmatropic 
H-shift at first glance, but the reaction is catalyzed by base or acid and never 
proceeds by a concerted pericyclic mechanism. Account for these observations. 
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8. What happens when the compound A is heated at 160°C. Explain. 


10. 


11. 


12. 


TaN 
O CH 


Me Me || * 
CH, [C="C] 


CH,—CH=CH, 
A 
[Hint: Heating of the compound A results in the distribution of ‘*C between its 
original position and the terminal position of O-allyl group. Reversibility of the 
cyclic mechanism operating in the Claisen rearrangement has been established by 
this experiment. 


CH CH,—CH=CH 
~ , i. : 
O CH A O 
Me Me || 3,3) Me Me 
CH, Claisen 
CH,—CH=CH, CH,—CH=CH, 


(a) Draw the aromatic transition state structure for a [1,5] sigmatropic H-shift. 

(b) The transition states of the Diels—Alder reaction and the Cope rearrangement 
are comparable—Why? 

Write the structure of the product and suggest a mechanism for each of the following 

variants of the Cope rearrangement: 


Me. 20 Me 
A 
(a) cmd (b) N 
OL Ys, 
N 
NR 


Explain the following observations. When the phenol is heated, a rapid equilibrium 
is established with a bicyclic compound that does not spontaneously give the final 
aromatic product unless treated with dilute acid. 


H 
ort + oO 
OH OH OH 


Refluxing the following enamine in nitrobenzene gives a pyridine after a series of 
reactions. Give mechanisms for the reactions and suitable explanations for each 
pericyclic step. 


13. 


14. 


15. 


16. 


17. 
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\ O O O O 

=a 
J | OS SOOT SOI B= OI 
N NH, NH N N 
H H 


Each of the following compounds exists as a fluxional molecule which can undergo 
interconversion into one or more identical forms by the sigmatropic process indicated. 
Draw one structure in each case that demonstrates the process of rearrangement 
involved, and explain why each process is an allowed sigmatropic process. 


Me 
(a) Me Me 1) (b) [3,3] 
Me @ Me 
‘ Me Me 


Show by an orbital symmetry analysis that a [8, 3] sigmatropic reaction which is 
antarafacial with respect to both the components is allowed. Would you think that 
such a reaction is very common? Give your reasoning. 

Show how the transition state for a [3, 3] sigmatropic reaction can be analyzed as 
the interaction of two allylic radicals, and that the same stereochemical result is 


predicted. 
Explain the following observations: 
(H)D D(H) H H 

(E)D D(H) Hype, D 

D(H) 228°C H 225°C, 

DH) <*~ yA KD 
(H)D D(H) ZN H 

(DD Dae = 2 
Suggest a mechanism for each of the following reactions: 
Me 
Me 
os oe 
XN NMe 
(a) ™ OH “> Qe ; 
ZH CH,—CH=CH, 
CH, 
ier OH Hi 
» OL» oC es 
_— 
a =a 
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18. 


19. 


20. 


21. 


22. 


[Hint: (f) A [3,3] sigmatropic shift followed by a [1,5] H-shift and electrocyclic ring 
closure.] 

The following furan derivative rearranges on standing at room temperature to the 
product shown. Write two different mechanisms for this transformation. 


eo 
PhS S PhS~ “CO Me 


CO.Me 


{[Hint: Mechanism I: a [8,5] sigmatropic rearrangement; Mechanism II: two 
consecutive [3,3] sigmatropic rearrangements. | 

Provide a mechanic rationalization for the following transformation and mention 
the reactions involved: 


Me 
mee ie Thy oe 180°C sai 0 
fe) O 


{[Hint: A 4-electron electrocyclic ring opening followed by a 6z-electrocyclic ring 
closure and finally [8, 3] sigmatropic rearrangement. ] 

Write all the possible four products when the ethers I and II are heated together. 
Indicate which of the two products indeed are formed provided the reaction is 
considered intramolecular. 


heen pe 


I II 


Indicate the type of shift takes place in the following transformation and discuss 
the stereochemical course involved: 


23. 


24, 


25. 


26. 


Go tO Ot 
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H R 
Give the products expected to be formed in the following reactions: 


(c) is 
aa 


Complete the following: 


Meo 9 
(a) Guus RhY/A, 9 (b) A, 


Offer an experiment to show that the Cope rearrangement proceeds through the 
chair-like transition state rather than boat like transition state and give your 
reasoning. 

Identify the compounds AF in the following reaction sequences: 


H H 
~ “_ A hv hv 
(a) ¢ O lA oc » Ld +E 
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INTRODUCTION 
Carbohydrates are naturally occurring compounds with the general formula 


C,(H,0),, where x and y may be same or different. They are called carbohydrates (hydrates 
of carbon) because they contained hydrogen and oxygen in the same proportion as in water 
(most of its carbon atoms formally have a molecule of water in the form of an H and an 
OH). However, a number of compounds have been discovered which are carbohydrates 
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by chemical behaviour but do not conform to the general formula C,(H,O),, for example, 
2-deoxyribose which has the molecular formula C;H,,O,. It is also to be noted that all 
compounds conforming to the formula C,(H,O), are not necessarily carbohydrates, e.g., 
formaldehyde, (CH,O), acetic acid (C.H,O,), etc. A few of the carbohydrates are known to 
everybody, e.g., D-glucose, sucrose (cane sugar), starch, cellulose, etc. 


Nearly all carbohydrates, such as sucrose (normal table sugar), taste sweet and are critical 
to our preparation and enjoyment of the foods that we eat. Carbohydrates are the ultimate 
source of most of our food we eat. We eat starch-containing grain. We clothe ourselves with 
cellulose in the form of cotton. We build houses and furniture from cellulose in the form 
of wood. Thus, carbohydrates quite literally provide us with the major necessities of life. 


The simple compounds like CO, and water combine to form the sugar D-(+)-glucose. 
This process, known as photosynthesis, requires catalysis by chlorophyll, and requires 
energy in the form of light. Thousands of (+)-glucose molecules then combine to form the 
large molecules of cellulose, which, in fact, constitutes the supporting framework of the 
plant. (+)-Glucose molecules also combine, in a somewhat different way, to form the large 
molecules of starch which is then stored in the seeds. When eaten by an animal, the starch 
is broken down into the original (+)-glucose units. (+)-Glucose is then carried by the blood 
stream to the tissues, where it is oxidized, ultimately to carbon dioxide and water, with 
the release of energy. Thus, carbohydrates serve as stores of chemical energy in our bodies. 


Oxidation 


CgH120¢ + 605 
Glucose 


— ae 6CO, + 6H,O 
Photosynthesis 


Analysis has revealed that structurally carbohydrates are polyhydroxy aldehydes, 
polyhydroxy ketones, or compounds that can be hydrolyzed to them. All carbohydrates are 
optically active. 


9.1 NOMENCLATURE AND CLASSIFICATION OF CARBOHYDRATES 


The names of simpler carbohydrates end in —ose. Carbohydrates with an aldehydic 
structure are known as aldoses, and those with ketonic structure are known as ketoses. 
The number of carbon atoms in the molecule is indicated by a Greek prefix. For example, 
a tetrose contains four carbon atoms, a pentose five, a hexose six, etc. If the nature of the 
carbonyl group in the molecule is known then that is also included in the name. For 
example, glucose, a six-carbon polyhydroxy aldehyde, is an aldohexose, whereas fructose, 
a six-carbon polyhydroxy ketone, is a ketohexose. 


Carbohydrates are divided into two major classes and these are (i) sugars and (ii) 
polysaccharides. Sugars are crystalline substances with a sweet taste and soluble in 
water. Polysaccharides, on the other hand, are more complex than sugars, their molecular 
masses being far greater. Most of the polysaccharides are noncrystalline solids, which 
are not sweet, and are insoluble or less soluble in water compared to sugars. The terms 
carbohydrate, saccharide and sugar are used interchangeably. Saccharide comes from the 
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word for sugar in various early languages (sakcharon in Greek, Sarkara in Sanskrit, and 
saccharum in Latin). 


Sugars are divided into two main classes: (i) Monosaccharides and (11) Oligosaccharides. 


(i) Monosaccharides (monosaccharoses) These are sugars, i.e., polyhydroxy aldehydes or 
ketones, which cannot be hydrolysed into still smaller molecules of carbohydrate. The 
general formula of monosaccharides is C,,H»,,O» (there are exceptions), where 7 is 2 to 10. 
Pentoses and hexoses are, in fact, the most important monosaccharides. Examples include 
glucose, fructose, mannose, etc. 


(ii) Oligosaccharides These are carbohydrate molecules which yield 2-10 molecules of 
monosaccharides on hydrolysis. The carbohydrates that undergo hydrolysis to yield two 
monosaccharide molecules (same or different) are called disaccharides. Examples are 
sucrose, maltose, galactose, cellobiose, etc. 


Cy9H9203, + HgO ——> CgHy20g + CgHy20¢ 


Sucrose Glucose Fructose 
Disaccharides \M nosaccharides 

Cy9H9203, + H2O ——> 2 CgHy.0¢ 2 

Galactose Glucose 


Similarly, a trisaccharide yields three molecules of monosaccharides on hydrolysis. 
Raffinose, for example, is a trisaccharide which on hydrolysis produces galactose, glucose, 
and fructose. 


Sugars are further classified under the heads: (i) Reducing sugars and (ii) Non-reducing 
sugars. 

(i) Reducing sugars are those which reduce ammoniacal silver nitrate solution, Fehling 
solution, etc. All monosaccharides are reducing sugars. D-glucose and D-fructose 
are, therefore, reducing sugars. An oligosaccharide, on the other hand, may or may 
not be a reducing sugar. (+)-Mannose and (+)-lactose are reducing dissacharides. 

(ii) Non-reducing sugars are those which cannot reduce ammoniacal silver nitrate 
solution, Fehling solution, etc. Cane sugar (sucrose), for example, is a non-reducing 
sugar. 


Polysaccharides (polysaccharoses) These are carbohydrates which yield a large number 
of monosaccharide molecules on hydrolysis. The most widely spread polysaccharides 
are starch, cellulose, etc. Both starch and cellulose are glucose polymers. A group of 
polysaccharides which are less widely spread in nature is the pentosans, (C;H,O,),. Poly- 
saccharides are amorphous, water-insoluble substances which are not sweet to taste. 


HCl 
(CgH 905), + nH,O “hydeol,* nCgH 4.0. 
Starch Glucose 
or cellulose (a monosaccharide) 


(a polysaccharide) 
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9.2 MONOSACCHARIDES 


9.2.1 D and L Designations of Monosaccharides 


Although the R, S system can be used to describe the configuration of one or more of the 
asymmetric carbon atoms of a monosaccharide, a different system, however, was in use 
long before the R, S system was established. The D, L system (first proposed by M.A. 
Rasanoff of New York University in 1906) is used for this purpose. As this system is 
applied to carbohydrates, the configuration of a carbohydrate enantiomer is specified by 
applying the conventions given below: 


di 


The R enantiomer (the —OH group is on the right) of the naturally occurring 
aldotriose glyceraldehyde is arbitrarily said to have the D configuration, whereas 
its enantiomer (in which the —OH group is on the left) is said to have the L 
configuration. 


The —OH group is 


on the right 
CHO CHO 
H R OH HO H 
CH,OH |The —-OH group is CH,OH 
D-Glyceraldehyde on the left L-Glyceraldehyde 


These two compounds serve as configurational standards for all monosaccharides. 
The other aldoses or ketoses are written in a Fischer projection with their carbonyl 
group placed always on top (in the case of aldoses or as close to the top as possible 
(in the case of ketoses). The carbons in the straight vertical line are then numbered 
consecutively as they would be in systematic nomenclature, so that the carbonyl 
carbon receives the lower possible number. 

The chiral carbon of highest number is designated as a reference carbon. If this 
carbon has H, OH and CH,OH groups in the same relative configuration as the 
same three groups of D-glyceraldehyde, the carbohydrate molecule is said to have 
the D configuration. If this carbon has the same configuration as L-glyceraldehyde, 
the carbohydrate molecule is said to have the L configuration. That is, if the -OH 
group attached to the bottommost asymmetric centre (the carbon second from the 
bottom) is on the right, then the compound is a D-sugar and if the same —OH group 
is on the left, the compound is an L-sugar. Almost all sugars found in nature are 
D-sugars. The mirror image of a D-sugar is an L-sugar. 
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The applications of these conventions is illustrated by the following examples: 


(i) one 
2 
H | ___OH 
H 3}|__oH 
H 4|___oy 


Highest 
numbered 
chirality centre 


5CH,OH “Sithe —OH group 
is on the right 


D-Ribose 
This aldopentose is known as D-ribose. D- in that sense, the highest numbered 
asymmetric carbon atom (i.e., C-4) has the -OH group on the right as in 
D-glyceraldehyde. 


(i) 1CH,OH 
The —OH group 2c—O 
is on the left H—_?!- on 
HO—*+——-H 
HO—__H 
6 
Highest CH,0H 
numbered L-Fructose 


chirality centre 


This ketohexose is known as L-fructose. L- in that sense, the highest numbered 
asymmetric carbon atom (i.e., C-5) has the —OH group on the left as in 
L-glyceraldehyde. 


9.2.2 Configurations of Aldoses 


Aldotetroses have two chirality centres and therefore four stereoisomers. Two of them are 
D-sugars and two of them are L-sugars. The names of the aldotetroses—erythrose and 
threose - were used to name the erythro and threo pairs of enantiomers. 


CHO CHO CHO CHO 
H OH HO——H HO—_—_H H—+—_ OH 
H OH HO—+—H H—+—-OH HO—+—H 
CH,OH CH,OH CH,OH CH,OH 
D-Erythrose L-Erythrose D-Threose L-Threose 
4 ' 7 v 
enantiomers enantiomers 


Aldopentoses having three asymmetric centres exist as eight stereoisomers (four pairs of 
enantiomers). Aldohexoses having 4 asymmetric centres exist as 16 stereoisomers (8 pairs 
of enantiomers). The family tree of the D series of aldoses containing three through six 
carbon atoms may be drawn as follows: 
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9.6 


eso[eL-(+)-q 9S0JVTe+)-(+)-q 8SOp]-(—)-q eso[n+)-(-)-q 9souuef-(+)-q 9SO0onNPD-(+)-q 9S014[V-(+)-q 


HO*HO HO*HO HO*HO HO*HO HO*°HO HO*HO HO*HO HO*°HO 
HO H HO H HO H HO H HO H HO H HO H HO 
H OH H OH H OH H OH HO H HO H HO H HO 
H OH H OH HO H HO H H OH H OH HO H HO 
H OH HO OH HO pice H s: OH HO H 4H OH HO 
OH OHO OHO OHO OHO 
\. a asopAX- \ 2. eae Sara 
HO*HO HO*HO HO*HO HO*HO 
HO H HO —+—H HO —+—H HO H 
H OH H—+—OH HO ——H HO H 
H OH HO —+—H H—;—OH HO H 
OHO OHO OHO OHO 
\___ asooayy, (-)- ° A asoayyhagq-(-)-q—* 
HO*HO HO*HO 
HO H HO H 
H OH HO H 
OHO OHO 
t opAyaprexeo4yp-(+)-q-——_! 


HO*HO 


HO—|—H 


OHO 


aso[[V-(+)-d 


cote 


Carbohydrates 


Epimers Diastereoisomers that differ in configuration at only one chirality centre are 
called epimers. For example, D-ribose and D-arabinose are C-2 epimers because they differ 
in configuration only at C-2. Similarly, D-idose and D-talose are C-3 epimers. 


al 1 1 1 
CHO CHO CHO CHO 
H——OH| |HO—~*t—H HO—~t—_-H HO—t—_-H 
H—3t+—_ oH H—2t+—_OH H—*+—_oH| (|HO—#+—H 
H—“t—_0OH H—*t—_OH HO—*4+—H HO—t—_-H 
CH,OH *CH,OH H—5—-on H—>— oH 
6 6 
D-Ribose D-Arabinose CH,0H CH,OH 
N —_—/1 D-Idose D-Talose 
C-2 epimers IN : A 
C-3 epimers 


9.2.3 Configuration of Ketoses 


A ketose has one less chirality centre than an aldose with the same number of carbon 
atoms and because of this, a ketose has only half as many stereoisomers as an aldose with 
the same number of carbons. The family tree of the D series of ketoses containing four 


through six carbon atoms may be drawn as follows: 


CH,OH 
C=O 


— 


| — 0H 
CH,OH 


CH,0OH D-Erythrulose CH,0OH 
C=O C=O 
H—— OH HO—_—-H 
H OH H OH 
CH,OH | | CH,OH | 
v D-Ribulose D-Xylulose 
1CH,OH 1CH,OH 1CH,OH 1CH,OH 
2C=O 2C=O 2C=O 2C=O 
H—— 0H HO——H H—+— 0H HO——H 
H—|— oH H—|—oH  HO—*+—H HO—*|—H 
H—+— OH H—— OH H—+— OH H—+— 0H 
6CH,OH 6 CH,OH 6CH,OH 6 CH,OH 
D-Psicose D-Fructose D-Sorbose D-Tagatose 


D-Psicose and D-fructose are C-3 epimers, whereas D-psicose and D-sorbose are C-4 


epimers. 


9.2.4 Deoxy Sugars 


Some naturally occurring sugars have a hydrogen atom in place of one or more of the 


—OH groups. These are called deoxy sugars. For example: 
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1CHO 
H—|—H 
H— oH 
H—4+— 0H 

5CH,OH 


2-Deoxy-D-ribose 


9.2.5 Cyclic Structures of Monosaccharides 


As aresult ofintramolecular nucleophilic addition of an alcohol function toa carbonyl group, 
» or 6-hydroxy aldehydes exist predominantly as cyclic hemiacetals. Such intramolecular 
reactions are thermodynamically more favoured than the corresponding intermolecular 
reactions because the entropy contribution to the free energy is less unfavourable in the 
former reactions compared to the latter reactions. 


HO, /H 
ee = asd ac aac — eo . 
OH CH; OH 
A S-hydroxy aldehyde A yhydroxy aldehyde CHs 


The same is true of aldoses and ketoses. Although monosaccharides are frequently 
written as acyclic carbonyl compounds, they exist predominantly as cyclic hemiacetals. 
For example, in aqueous solution, (+)-glucose exist almost exclusively (99.99%) as its 
cyclic hemiacetal form along with a very small amount of the open-chain form. Many 
of the monosaccharides exist both as five- and six-membered cyclic hemiacetals. These 
can be obtained when the —OH group on C-4 or on C-5 becomes involved in cyclization. A 
six-membered cyclic hemiacetal is called a pyranose, derived from the name of the six- 
membered cyclic ether pyran. A five-membered cyclic hemiacetal is called a furanose, 
derived from the name of the five-membered cyclic ether furan. 


re 
HOw H (a) HO 
HOS (a) 5 nee o) HO 6 
Oo <— \ scHon | —~>_ sl LH 
Ho-2 ; \ (b) HO’ 77 °*CH,OH 
H~4 OH HO-CH OH 
, = Pyranose form 
CH,0OH 5CH—-OH of an aldohexose 
Furanose form 6CH,OH 


of an aldohexose Open dial ari 


of an aldohexose 
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Pyranose forms are usually present in greater amounts than furanose forms at equilibrium 
and this is because six-membered rings are less strained compared to the five-membered 
rings. 


9.2.6 Reactions of Monosaccharides 
9.2.6.1 Reactions of Monosaccharides in Basic Solutions 


When monosaccharides are dissolved in aqueous base, they undergo a series of enolizations 
and keto-enol tautomerization that lead to isomerizations. For example, if a solution of 
D-glucose containing calcium hydroxide (0.02 M) is allowed to stand for a long time, a 
number of products can be isolated including D-mannose and D-fructose. This type of 
reaction is called the Lobry de Bruyn-Alberda-van Ekenstein reaction, named after 
the two Dutch chemists who discovered it in 1895. 


CHO CHO CH,OH 
H—+— OH HO——H C=O 
0.02 M 
HO——H Ca(OH), HO——H + HO———H__ + Traces of other 
> 
H—|_ on ton H—1—oH Compounds 
H—+— OH H—+— OH H—+— OH 
CH,OH CH,OH CH,OH 
D-Glucose D-Mannose D-Fructose 


D-Mannose is obtained by base-catalyzed epimerization and D-fructose is obtained by 
an enediol rearrangement. 


Mechanism for the base-catalyzed epimerization and formation of D-mannose: 


ds wha 2 : HY HOH cx! : HY (2? 
HO" H-Cl on Cee C-OH HO—7—H 
HO—_—-H HO—+—H HO H HO—+—H 
H OT ==), ET OH <> H OH |-— 4H OH 
H—,— OH H—,— 0H H OH H—,—- 0H 
CH,OH CH,OH CH,OH CH,OH 
D-Glucose An enolate ion D-Mannose 


Although D-glucose in solution exists mainly in its cyclic hemiacetal forms, it also remains 
in equilibrium with a small amount of its acyclic aldehyde form. This aldehyde containing 
an a-hydrogen ionizes to give small amounts of its enolate ion in base. Protonation of the 
enolate ion at one face of the double bond gives back D-glucose, whereas protonation at 
the other face gives D-mannose (the C-2 epimer). Because the reaction forms a pair of 
epimers, it is called epimerization. 
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Mechanism for the base catalyzed enediol rearrangement and formation of 
D-fructose: 


we 
H O HY (Co 0-4 
“ar 6a HC~ * (>. HC—OH 
=" H-C-—OH ea C-OH C-O2y, 
HO—+—H HO—+—H HO—+—H HO——H 
H OH =—-| H OH <> H OH | —= H OH 
H—+— OH H—+— OH H—+— OH H—+— OH 
CH,OH CH,OH CH,OH CH,OH 
D-Glucose ~ An enolate ion 7 An enediol 
i 
CH,OH °CH—OH ¢CH—OH | 
I Qe 
C=O C=O C—O: 
HO——H HO——H HO——H 
(OH? + OH — HOH+| H OH <> H OH 
H—+— OH H—— OH H—+— OH 
CH,OH CH,OH CH,OH 
D-Fructose 7 An enolate ion 7 


The base removes a proton from the a-carbon to form an enolate ion. The enolate ion 
then undergoes protonation to form an enediol. The enediol containing a hydroxy group 
at each end of a double bond is simultaneously the enol of not only the aldoses D-glucose 
and D-mannose, but also the ketose D-fructose. Tautomerization of the -OH group, at C-1 
reproduces D-glucose or produces D-mannose, whereas tautomerization of the -OH group 
at C-2 produces D-fructose. 


When base abstracts a proton from C-3 of D-fructose, a different enediol is formed which 
may tautomerize to give a ketose with the carbonyl group at C-2 or C-3. Thus, the carbonyl 
group can be moved up and down the carbon chain. 


When reactions with monosaccharides are carried out, it is usually important to prevent 
these base-catalyzed isomerizations and thereby to preserve the stereochemistry at all of 
the chiral centres. This can be done by converting a monosaccharide to the corresponding 
methyl glycoside first. The reactions in basic medium can then safely carried out because 
the —CHO group has been converted to an acetal and acetals are stable in aqueous base. 
Hence, a monosaccharide can be protected from undesired reactions by preparing its 
methyl glycoside. 
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9.2.6.2 Oxidation Reactions of Monosaccharides 


A number of oxidizing agents are used for identification of functional groups of 
carbohydrates, in their structure elucidations, and for their syntheses and these are 
(1) Benedict’s or Tollens’ reagents, (2) bromine water, (3) nitric acid, and (4) periodic acid. 


(1) Benedict's or Tollens’ reagents Benedict’s reagent (an alkaline solution containing a 
cupric citrate complex ion) oxidizes aldehydes to the corresponding carboxylic acid (salt). 
The formation of a brick-red precipitate of cuprous oxide (Cu,O) by reduction of Cu(II) 
is taken as a positive test for aldehydes. Aldoses, therefore, give positive tests with this 
reagent, even though they exist primarily as cyclic hemiacetals. 


O Cu** (complex) 
Z u“* (complex a 
R-C “A Benedict’s solution C9 * va 
(blue) ve (brick-red 
An aldehyde or A carboxylate precipitate) 
an aldose ion 


Glucose, for example, reacts as follows: 


CHO COO° 
H OH H—— OH 
HO H Cu** (complex) HO——_H 
H OH Benedict’s solution . H—— OH " Ca, 0% 
H OH (blue) H— OH (brick-red 
precipitate) 
CH,OH CH,OH 
D-Glucose Gluconic acid 
(open-chain form) (salt) 


o-Hydroxyketones also give a positive test with Benedict’s solution and this is because 
in alkaline solution they are converted to aldehydes through the formation of enediol 
intermediates, and the aldehydes then reduce Benedict’s solution. Ketoses, therefore, give 
positive tests with this reagent, even though they exist primarily as cyclic hemiacetals. 


Cu** (complex) 


OHS OH® 
R—C—CH,OH == R-C=CHOH =~ RCHOHCHO —, ; 
|| | Benedict’s solution 
O OH An aldehyde (blue) 


An a-hydroxyketone or aldose 


or a ketose Cu,0l + RCHOHCOO® 


(brick-red A carboxylate ion 
precipitate) 
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Fructose, for example, reacts as follows: 


CH,OH CHO COO° 
C=O CHOH CHOH 
sce (a OH? HO——_H Cu?* (complex) O——_H 
H OH H on = H OH + Cu,0l 
enedict’s solution 
H—+— OH H—+— OH (blue) H—+— 0H (brick-red 
CH,OH CH,OH CH,OH precipitate) 
D-Fructose D-Glucose Gluconic and 


(open-chain form) and D-mannose mannonic acids (salt) 


(Fehling’s solution, a similar alkaline reagent containing a cupric ion-complexed with 
tartrate ion, can also be used as a test for aldoses and ketoses.) 

Aldehydes reduce Tollens’ reagent and thereby they are oxidized to give carboxylate ions 
and metallic silver, often in the form of a silver mirror on the inside of the test tube. Thus, 
aldehydes and aldoses give positive test with this reagent. 


O A © on? O 

a g (NHa3)o OH Za ® 
RC. Tollens’ reagent R Cr59 NH 7: Agi 

An aldehyde or Ammonium salt (Silver mirror) 
an aldose of a carboxylic acid 


Glucose, for example, reacts as follows: 


CHO 
H—— OH 
HO——H 
H—— OH 
H—— OH 
CH,OH 
D-Glucose 


Ag(NH,20H® HO 
Ps he Le 


Tollens’ reagent 


(open-chain form) 
Due to isomerization in the alkaline medium (discussed earlier), ketoses also respond to 


this test. For example: 


CH,OH CHO 
=O (HOH 
HO—+—H HO—+— H 
OH? 
H—+—_OH = H—+—OH 
H— OH H—+—0O 
CH,OH CH,OH 
D-Fructose D-Glucose or 


D-mannose 


CcOoo° 
H OH 
H 
H OH + Agl 
H OH (Silver mirror) 
CH,OH 
Gluconic acid 
(salt) 


COO? 
CHOH 
HO——H 
AO H+ on + Ast 
Tollens’ reagent 
H—+—OH _ (Silver mirror) 
CH,OH 


D-Gluconic or 
D-mannonic acid 
(salt) 


doles 2 oe ae or a a oe ee eT ee ene RINT ee ene TOT EER SIT Te meron et 2 
Since both aldoses and ketoses give positive tests with Benedict’s and Tollens’ reagents, 
neither of them can be used to distinguish between aldoses and ketoses, i.e., we cannot 
distinguish D-glucose and D-fructose using these reagents. Again, both of these reagents 
cannot be used as a preparative reagent in carbohydrate oxidations. This is due to the fact 
that oxidation with these reagents takes place in alkaline solution, and in alkaline medium, 
sugars undergo a series of reactions leading to isomerizations and fragmentations. 


Reducing sugar Non-reducing sugar 
\ V 
OH O—R 


Alkyl group 
or another sugar 


_ by 
To ale T 


at — —OH a 
CH,OH CH,OH CH,OH 
Hemiacetal (R’-=H Acetal (R’=H or CH,OH) of an 
or CH,OH) of an aldose aldose or a ketose (does not give a 
or a ketose positive Tollens’ or Benedict’s test because 
(gives positive Benedict’s it cannot equilibrate with the corresponding 
or Tollens’ test) aldehyde or a-hydroxyketone) 


(2) Bromine water Aldoses can be distinguished from ketoses by observing what happens 
to the reddish-brown colour of an aqueous solution of Br, when it is added to the sugar. 
Being a mild oxidizing agent, Br, easily oxidizes the aldehyde group, but it cannot oxidize 
ketoses and alcohols. Therefore, when a small amount of an aqueous solution of Brg is 
added to an unknown monosaccharide, the reddish-brown colour of Br, disappears, because 
Br, will be reduced to colourless Br®) if the monosaccharide is an aldose but persists 
if the monosaccharide is a ketose. Bromine water is also a useful oxidizing reagent for 
preparative purposes because it selectively oxidizes the —CHO group to a—-COOH group, 
thus converting an aldose to an aldonic acid. Also, because the solution is mildly acidic 
(pH 6.0), monosaccharides do not undergo isomerization and fragmentation reactions in 
bromide water. For example: 


HO ZO 

H OH 

eat HO——H + 2Br® 
(reddish-brown) H OH 
(colourless) 

H—-+— OH 

CH,OH CH,OH 

D-Glucose D-Gluconic acid 


(an aldose) (an aldonic acid) 
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CH,OH 
C=O 
HO—_—_H Bro/H 0 No change in 
H—|__ oH eddich-brawal colour of bromine water 
because no reaction occurs 

H—,— 0H 

CH,OH 
D-Fructose 
(a ketose) 


Mechanism for oxidation: o 
Br, + H,O — HOBr + HBr == H,O—Br + Br® 


HY 00: e 
| OBr O—Br 
tas BrOOH, | _1® ‘a ae _OH 


> H—C—OH, > HLc—on HES 
CH,OH 1H | | 
(CHOH), (CHOH), (CHOH), 
An aldose | | | 
CH,OH CH,OH CH,OH 
An aldonic 
acid 


(3) Nitricacid Dilute nitric acid is a stronger oxidizing agent than bromine water, Tollens’ 
or Benedict’s reagents or Fehling’s solution, oxidizing both the aldehyde (—CHO) and 
the primary alcohol group (—CH,OH) of an aldose to —COOH group (without affecting 
secondary alcohol groups). Consequently, this is a very useful reagent for converting 
aldoses into dicarboxylic acids known as aldaric acids. 


HNO; (dil 
HOCH,(CHOH)ncHO N°? """), H0,c(CHOH),CO.H 


An aldose An aldaric acid 


D-Glucose, for example, produces D-Glucaric acid: 


CHO CO.H 
H—— OH H—— OH 
HO—— H HNO; (dilute) HO—— H 
> 
H—,— OH H—— OH 
H—— OH H—— OH 


CH,OH COjH 


D-Glucose D-Glucaric acid 
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Mechanism for HNO, oxidation: 


\ 2 0° 
RCH,OH + HNO, 22> R-CHO-87 5 sR fo on 
ee. ee ay ee ae 
A primary HP O 
alcohol a 


| 
mae ~OH +H® R—-C~.. @ 20 
HNO, + R a ~~ yx ONT 


A carboxylic 
acid 
(4) Periodic acid (HIO,) Compounds containing hydroxyl groups on adjacent carbon atoms 
(1,2-diols) undergo oxidative cleavage when they are allowed to react with periodic acid. The 
reaction causes C—C bond cleavage and yields carbonyl compounds (aldehydes, ketones, 
or acids). Each C—C bond cleavage requires one mole of HIO, and for every C—C bond 
broken, a C—O bond is formed at each carbon. NalIO, can also be used instead of HIO,. 


| 
—C—OH 


anaoponees + HIO,—> 2 5C=0+ HIO; + H,O 
—C—0H 
A 1,2-diol 


oa-Hydroxy aldehydes or ketones and a,a’-dihydroxy ketones also undergo oxidative 
cleavage by periodic acid. An a-hydroxy carbonyl compound yields one molar equivalent 
of a carboxylic acid and one molar equivalent of an aldehyde or a ketone, whereas an 
a,a’-dihydroxy ketone yields two molar equivalents of carbonyl compound and one molar 
equivalent of carbon dioxide. 


—C—OH — é =O 
a a + HIO,—> + + HIO; 
—C=O —C=O 
An o-hydroxy OH 
aldehyde or ketone 
—C—OH — re ——16) 
wo---po---- + 


—C=—=o + 2HIO, —> O—C=—O + 2HI03 
—C—OH - 
—C=—O 
An a, a’-dihydroxy | 
ketone 
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It is to be noted that a-hydroxy acids or esters do not undergo oxidative cleavage. The 
course of the reaction may be well illustrated with some simple examples. 


(i) Oxidation of 1,2-propanediol When 1,2-propanediol is subjected to periodic acid 
oxidation, one molar equivalent of formaldehyde and one molar equivalent of acetaldehyde 
are obtained. 


H 
H— C—OH | 
oo H—C=oO _ (Formaldehyde) 
H—C—OH + HIO, —> + 
CH, H—cC=oO (Acetaldehyde) 
1, 2-Propanediol Cu, 


(ii) Oxidation of glycerol When three or more —CHOH— groups are contiguous, the 
internal ones are converted to formic acid. Periodic acid oxidation of glycerol gives two 
molar equivalents of formaldehyde and one molar equivalent of formic acid. 


ii i 
H—c—ou H—C=—O (Formaldehyde) 
Sa ee + 
H—C—0OH 7 
H—C—oH + 2HIO, —> H—C—OH (Formic acid) 
+ 
H H—C=oO _ (Formaldehyde) 
Glycerol a 


(iii) Oxidation of glyceraldehyde When subjected to react with HIO,, glyceraldehyde yields 
one molar equivalent of formaldehyde and two molar equivalents of formic acid. 


O 
l| 

H~ (20 H—C—OH (Formic acid) 
Rocce }----- + 
H—C—OH i 

ae + 2HIO, —> H—C—OH (Formic acid) 
| + 

H H—C=oO (Formaldehyde) 

Glyceraldehyde i 


(iv) Oxidation of dihydroxyacetone When dihydroxyacetone is oxidized with periodic acid, 
two molar equivalents of formaldehyde and one molar equivalent of carbon dioxide are 
obtained. 


cee i eee a7 
H 
H—C—OH i 
eeeaal sae H—C=—O (Formaldehyde) 
C=O + 
H—c—op +2HIO, —> O=C=O _ (Carbon dioxide) 
+ 
H H—C=oO _ (Formaldehyde) 
Dihydroxyacetone bh 


Therefore, in a polyhydroxy aldehyde, a —CHO and an internal —CHOH— group are 
oxidized to formic acid, and a terminal —CH,OH group is oxidized to formaldehyde. In a 
polyhydroxy ketone, a ~C—O group is oxidized to carbon dioxide. In all these reactions, 
one mole of periodic acid is used for each pair of adjacent alcoholic groups or an alcoholic 
group adjacent to a C=O group. 

Since these reactions usually takes place in quantitative yield, valuable information about 
the structure of the molecule can often be obtained by measuring the number of molar 
equivalents of HIO, that are consumed in these reactions as well as by identifying the 
products and measuring the amount of formic acid and formaldehyde produced. 

It is to be noted that HIO, does not cleave compounds in which the hydroxyl groups are 
separated by an intervening methylene (—CH,—) group, nor those in which an —OH group 
is adjacent to an ether or acetal function. For example: 


CH,OH 
ii 
CH,OH 


HIO 
——> No cleavage; 


1,3-Dihydroxypropane 


CH,OCH, 

| HIO, 
CH—OH —> Nocleavage 
CH.CHs 


1-Methoxy-2-butanol 


Periodic acid oxidation of D-glucose The oxidation of this aldohexose requires five moles of 
periodic acid and produces one mole of formaldehyde and five moles of formic acid. 


HN G ZO 
H a OH 
Ho —}— H 
H—*+— OH 
H—t— OH 
6 
CH,OH 
D-Glucose 


So 5HIO, —> 


HCOOH (Formic acid) 
HCOOH (Formic acid) 
HCOOH (Formic acid) 
HCOOH (Formic acid) 
HCOOH (Formic acid) 


6 
HCHO (Formaldehyde) 
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To explain this product mixture one may carry out the oxidation process down the chain. 
Since the upper end of the molecule is an a-hydroxy aldehyde moiety, it should produce 
formic acid and an aldehyde (containing one less carbon) upon oxidation. 


O 
HY 420 | 
ene Reena H- “oH (Formic acid) 
H —+— OH - + 
Ps ee 
HO—;—H 4 410, —> aa 
H—)— 0H HO ——H 
H—*}— OH H—* 
; (D-Arabinose) 
‘CH,OH H—— OH 
D-Glucose CH, OH 


Being an a-hydroxy aldehyde D-arabinose will also undergo oxidative cleavage to form a 
second molecule of formic acid and D-erythrose (an a-hydroxy aldehyde). 


O 
H~ 620 2 
eevee a or (Formic acid) 
+ 
Ho ——_H HYG 0 
H 4A; OH + HIO, ——_? 
4 
H—— OH - (D-E 
-Erythrose) 
3 H—*— OH 
CH,OH : 
D-Arabinose CH,OH 


This process continues twice more and as a result, two more formic acid molecules and one 
molecule of glycolaldehyden are formed. 


O 
H~ 3.20 il 
ee eee H- “oH (Formic acid) 
H—+— OH 7 
Foes eee O 
H—— OH _ + HIO, ——> Al! 
Se Cc ak 
6 aTe~N (Formic acid) 
CH,OH ag. 78 
D-Erythrose H.2..20 


(Glycolaldehyde) 
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This last o-hydroxy aldehyde also undergoes oxidative cleavage by HIO, to yield formic 
acid and formaldehyde in 1:1 molar ratio. 


O 
I 
HWa2z0 H On OH (Formic acid) 
Be eee + HIO, —~> é 
6 
CH,OH ll 
Glycolaldehyde “Cc 


H- “HH (Formaldehyde) 


Therefore, when all the above steps are added up, we see that D-glucose on HIO, oxidation 
should yield five molar equivalents of formic acid and one molar equivalent of formaldehyde. 


Periodic oxidation of D-fructose The oxidation of this ketohexose requires five moles of 
periodic acid and produces two moles of formaldehyde, three moles of formic acid and one 
mole of carbon dioxide. 


‘i 
CH,OH HCHO (Formaldehyde) 
+ 
coe ee 8 
“c=0 O=C=O_ (Carbon dioxide) 
+ 
soeeided leaaneetece 3 
HO—— H HCOOH (Formic acid) 
en ee +5 HIO, ——? + 
4, 4 
Fe le On HCOOH (Formic acid) 
H—}— OH a 
_ eo HCOOH (Formic acid) 
CH,OH - 
D-Fructose HCHO (Formaldehyde) 


In this case also, we can start the process of oxidative cleavage from the top of the molecule, 
1.e., from C-1—C-2 bond. Since the upper end of the molecule is an a-hydroxy-ketone moiety, 
it should yield formaldehyde and a carboxylic acid upon oxidation. 


However, the o-hydroxy acid does not undergo oxidative cleavage by HIO,. Because of 
this, the a-a~’-dihydroxy ketone moiety undergoes oxidative cleavage of two C—C bonds 
simultaneously by two molar equivalents of HIO, to yield formaldehyde, CO.,, and 
D-erythrose (an a-hydroxy aldehyde). 
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CH,OH 1 
eee eee la 
ge (Formaldehyde) 
0 —6 H " O 
2 
eB) O=C=O (Carbon dioxide) 
HO—— H 
r +2 HIO, —_> + 
H t+— OH HYG 20 
H—— OH 
H 4 
6 (D-Erythrose) 
CH,OH H 5 OH 
D-Fructose 
‘CH,OH 


D-Erythrose then undergoes oxidative cleavage to form formic acid and D-glyceraldehyde 
(an a-hydroxy aldehyde). 


O 
HW 3,20 Al 
Ho ~OH (Formic acid) 
4 
H~4.20 
“CH,OH H—  OH_—- (D-Glyceraldehyde) 


D-Erythrose é 
CH,OH 


The process is repeated twice to yield two molar equivalents of formic acid and one molar 
equivalent of formaldehyde through the intermediate formation of glycolaldehyde. 


O 
Jl 
C ae 
a” “OH (Formic acid) 
HYG a) - 
O 
OH +2HIO,—> 5 I 
See alo Ses Hq “OH (Formic acid) 
‘CH,OH 7 
O 
D-Glyceraldehyde | 
ee 


HO ™“#H (Formaldehyde) 
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When all these steps are added up, we see that D-fructose is expected to yield two molar 
equivalents of HCHO, three molar equivalents of HCOOH and one molar equivalent of COs. 


Mechanism for periodic acid oxidation The oxidation actually involves periodic acid hydrate 
(H;1O, or HIO, - 2H,O) in the presence of aqueous acetic acid (AcOH). 


(i) 1,2-Diols: 
R—CH—CH—R’ 


| | —H® R~ 
°OH :OH =H,0° CH— 
| _ 
HO =e OH O~ OH 
@ 
HO~/ OH, 07 7 OH 
HOSO 0 OH 


VII 
(Protonated H;IOg or 
VII 


HIO,-2H,0) 
HO v R NL H 
Ho1=6 4 C 
wie 
HO | 
0 << 
(HIO,-H,0) Ameldcivie.  -Awaldelivds fon 


The cleavage of glycols with HIO, occurs through the formation of a cyclic periodate ester 
intermediate. The cyclic ester then breaks down by a cyclic flow of electrons in which the 
central iodine atom accepts an electron pair and is reduced. 

[A cyclic intermediate is attainable only with a cis-diol and for this reason, a trans-diol 
cannot be cleaved by periodic acid oxidation.] 


(ii) o-Hydroxy carbonyl compounds: 


R~cy_o-H Re _ OH 
° CH7—C 
ae ll —H® mR fo 2 (AcOH) oo 
a sae ) C~y == Om LO 
HO_ "7, OH On I _ OH HO o. on 
HO™| On, HO, SO HO O 
O HO on | 


(HIO,:2H,0) Vv 
HIO,-H,0 + H—C—OH + R—C—H 
| | 
O O 
Formic acid An aldehyde 
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O 70: O: O OH OH 
IU = OH) 4 é H®(AcOH) | | 
C' —— 
ROO NSH Lae? <i a ee 
HO_vw_ ae f 04 Co 
Ho> wae, HO~ ..~0 Ho7~ -~oH 
HO~ || ~OH HO~,,~oH /|| 
‘| HO 
O HO O O 
(HIO,-2H,0) | 
Vv OH OH 
HIO,-H,O + as ae rm Bk 2 
| | 
O O 
Formic acid A carboxylie 


acid 
9.2.6.3 Reduction of Monosaccharides: Alditols 


1. Using NaBH,, H,/Raney nickel or Na/Hg Like ordinary aldehydes and ketones the carbonyl 
group in aldoses and ketoses can be reduced by sodium borohydride (NaBH,). The product 
of the reduction is a polyalcohol, known as alditol 

Alditols are named by adding the suffix-itol to the root name of the sugar. Catalytic 
hydrogenation (H, with a Raney nickel catalyst in aqueous ethanol) and Na(Hg)/H,O can 
also be used for the same transformation. 


H An alditol 

CHOH ~o2? CH,OH 

H——OH O = H ——OH NaBH4/Hy0 H OH 
HO ——H HO ——H > HO H 
H—— 0 H——0OB OF H OH 
H- H ——OH H/Ni H OH 
or 

CH,OH CH,OH Na(Hg) CH,OH 
D-Glucopyranose D-Glucose D-Glucitol 

(open-chain form) (or D-Sorbital) 


The reduction of a ketose forms two alditols because the reaction creates a new chirality 
centre in the product. For example, the reduction of D-fructose form D-mannitol and 
D-glucitol, the C-2 epimer of D-mannitol. 
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CH,OH Epimers 
HOCCH,OH C=O CH,OH CH,OH 
HO ——H O _~ HO—-—H NaBH4/H 20 H—— OH HO ——H 
H ——OH = HO——H Ho>—E 
H——OH H——0OH on H —— OH H —— OH 
CH, = CH,OH or a ce Pa 
Na(Hg) CH,OH CH,OH 
D-Fructopyranose D-Fructose D-Glucitol D-Mannitol 


The reduction in the case of aldose as well as ketose occurs on the small amount of the 
open-chain form that is present in equilibrium with the cyclic form. Once it reacts, it 
is immediately replenished (Le chatelier’s principle). As a result, the equilibrium 
continuously shifts until all the sugar is reduced. 


3. Using conc. HI and red phosphorus When an aldose is heated for a long time with 
concentrated hydroiodic acid and red phosphorus at 100°C, it undergoes reduction to give 
the corresponding alkane. For example, D-glucose produces n-hexane. 


CHOH HGe0 oa 
3 
H—— OH = H —— OH Hi/red P | 
HO——H =~ HO=—H ———_> 
H OH H OH 100 °C WHa' 
1 eel H——OH CH, 
CH,OH CH,OH niexane 
D-Glucopyranose D-Glucose 


(open-chain form) 
A ketohexose cannot be reduced to the corresponding alkane by heating with conc. HI/red P. 
However, on successive reduction with Na(Hg) and HI/red P, they form the corresponding 
alkane. 


For example, the ketohexone fructose produces n-hexane. 


CH,OH 
HOCCH,OH - CH, 
to ale — 1. Na(H | 
H--OH 9 HO ——H ae 
H—— OH H— of 2. Hi/red P ais 
CH, H——OH CH, 
D-Fructopyranose CH,OH n-Hexane 


D-Fructose 
(open-chain form) 


9.2.6.4 Reactions of Monosaccharides with Three Molar Equivalents of Phenylhydrazine: 
Formation of Osazone 


As aldehydes and ketones, aldoses and ketoses react with phenylhydrazine under acidic 
conditions to form phenylhydrazones. However, when an excess of phenylhydrazine 
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is used, the reaction proceeds further by consuming two more molar equivalents of 
phenylhydrazine to yield yellow crystalline solids called osazones (here phenylosazone) 
which contains two phenyl hydrazine residues (at C-1 and C-2) per molecule. Unlike 
sugars osazones crystallize readily and are useful derivatives for identifying sugars. 


‘CHO ‘CH =NNHPh 
CHOH BPANHINT ~~ °G=NNHPh + PhNH, + NH, + 2H,0 
uom, ~ (CHOH),, 
CH,OH CH,OH 
An aldose An osazone 
'CH,OH CH =NNHPh 
=o  SPENHN Sd _NNHPH + PhNH, + NH, + 2H,0 
(CHOW, “ (CHOW, 
(H,0H CH,OH 
A ketose An osazone 


Mechanism for osazone formation 


1. From aldose The aldose reacts with the first equivalent of phenylhydrazine to form the 
corresponding phenylhydrazone. It then undergoes Amadori rearrangement to yield a 


keto-imine. The imine then reacts with two molar equivalents of phenylhydrazine to yield 
an osazone. 


ae ® 
:OH OH 
H oes, Bo boa | fy Qo 
"ye ~ ae NH,NHPh H—C—NHNHPh_ ,,¢ a 
— es | —e 
CHOH CHOH CHOH H 
CHOH 
An aldose 
HS —H,O 
Fe PhNHNH,/H® es H® 
CH+=NH HO) CH+=NH CH =NNHPh 
(—H,0) | Peni a cee a H® | 
C=NNHPh c=0 une L > HB 
: : rearrangement S ~~ 20 
fi . . OH 
[ee ah Pucalncaede 
NH, NH; CH=NNHPh 


H | 
® e | by _NH = 
CH-=NH, PanaNu,_ CH—NHNHPh n° CH-_NNHPh _y®__ C=NNHPh 


| — 


C=NNHPh C=NNHPh 


C=NNHPh An osazone 
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2. From ketose In this case also, a phenylhydrazone is formed first. It then undergoes 
Amadori rearrangement to yield a keto-imine. The imine then reacts with two molar 
equivalents of phenylhydrazine successively to form an osazone. 


a 4° HOH NH,NHPh ie ne ce H 
OS C8u/ > CCNENHPh — 6 NNEPh 


—— ey — << 


oH” (OH, 
A ketose ® 
[ _H,0 
O 
(—H,0) | gee Tl _+H®_ 
C —=NH C =NH - ica c) xan (—ENNHPI 
rearrangement 
| Z A ato -imine 
H 
(ein CH=NNHPh a xu, CH=NNHPh 
ye — 3 
™~ NH, ~ CNH 
An osazone 


Proof of the mechanism The mechanism is supported by the observation that when 
phenylhydrazone prepared by the reaction of the aldose glucose with 15N labelled 
phenylhydrazine is treated with ordinary phenylhydrazine, unlabelled osazone is obtained 
accompanied by the expulsion of labelled ammonia (°NH,). 


H. -NH 
H~C~OH wht -~ OH GQ of -PhNH, 
15 15 
H~ 42 NNHPh HY 42 NH H~ 92 NH 
"NH, A | PhNHNH, | PhNHNH, | 


C—=NNHPh C—=NNHPh 


Reason for the involvement of the first two carbons in osazone formation The mechanism 
for osazone formation does not explain why only the first two carbon atoms should be 
involved. At first sight, it might have been expected that the Amadori rearrangement 
could carry on down the chain to yield a hexaphenylhydrazone. From spectroscopic studies 
(IR and UV) it has been establised that the resulting osazone remains in the following 
structure (I) which is stabilized by intramolecular H-bonding (chelation) involving the two 
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N atoms and because of such chelation, osazone formation does not proceed beyond two 
carbon atoms. 


NHPh NHPh 
ZN: N Intramolecular 
y ‘eae att . ‘CH ~H__ H-bonding 
LN~ 2 +H® eae a 
as Ph 24°. N Ph 
hor. (CHoK, 
\ | : 
HO—CH CH Stable Six- 
“| | membered ring 
CH,OH CH,OH 
An osazone I 


This explanation is further supported by the observation that unsymmetrically 
disubstituted hydrazines (e.g., o-methylphenylhydrazine) which cannot form osazones 
capable of chelation, react, further with aldoses giving alkazones in which osozone 
formation proceeds along the whole carbon chain of the sugar. 


ieee eee 
ais + 9H,.N—NMePh —W—> ‘aie nisi + 4Me.NH + 4NH3 
CH,OH a-Methylphenylhydrazine CH=N—NMePh 

An aldopentose An alkanes 


Characterists of osazones Osazones are bright yellow crystalline solids with sharp melting 
points and are, therefore, used to characterise the sugars. When they are hydrolyzed with 
hydrochloric acid, both the phenylhydrazino groups are eliminated to form a dicarbonyl 
compound known as osone. Glucosazone, for example, forms glucosone. 


CH=-NNHPh CHO 
(-NNHPh C=O @ 
l _ | + 2PhNHNH,CI° 
(CHOH)3 hydrol. “ (CHOH)s 
CH,OH CH,OH 
An osazone An osone 


A more convenient method of obtaining osone is to treat the osazone with benzaldehyde; 
benzaldehyde phenylhydrazone in precipitated, leaving the osone in solution. When osones 
are allowed to react with phenylhydrazine in the cold, osazones are obtained. 


ce Eh CHO 

C —NNHPh 2 PhCHO G0 + 2 PhCH=NNHPh 
(CHOH)s a (CHORD); Benzaldehyde 
CH,OH CH,OH phenylhydrazone 


An osazone An osone 


Carbohydrates 


An aldose may be converted into a 2-ketose through the formation of an osazone as follows: 


CHO  spanunu,. CH=NNHPh ss oppcuon® " CH=0 yyjacon . CH20H 


| =PhCH= | | 
CHOH “©? G=NNHPh Oa C=O C=O 


An aldose An osazone An osone A 2-ketose 


In the final step, the more reactive —CHO group of the osone is preferentially reduced to 
yield a 2-ketose. 


D-glucose, D-mannose and D-fructose yield the same osazone on reaction with excess of 
phenylhydrazine Osazone formation destroys the chirality centre at C-2 but does not affect 
other chirality centres. Therefore, aldohexoses which are C-2 epimers (i.e., having the same 
configurations about C-3, C-4 and C-5 except C-2) form identical osazones. Since D-glucose 
and D-mannose are C-2 epimers, they form the same osazone. Again, a ketohexose which 
has the same configuration about C-3, C-4 and C-5 as its related aldohexose gives the 
same osazone. D-Fructose and D-glucose have the same configuration about C-3, C-4 and 
C-5. Consequently, D-fructose, D-glucose and D-mannose all form the same osazone. 


1 


1 1 
CHO CH=NNHPh CHO 
Ho—+—H ?C—=NNHPh HO—4.—H 
3 3 3 
ee , H 3 PhNHNH, oe j H 3 Ph NHNH, ~» 4 Hf 
H—*+— 0H > H OH| < H OH 
z H,OH : AcOH : 
H—;—_0OH H—20OH H—~-——-OH 
6CH,OH 6CH,OH 6CH,OH 
D-Glucose The same osazone D-Mannose 
(3S, 4R, 5R) 3PhNHNH, (3S, 4k, 5R) 
AcOH rN 
1 
Same configuration CH,OH Same configuration 
about C-3, C-4 and C-5 2c=0 about C-3, C-4 and C-5 
HO—+}_H 
> | H—+—OH| < 
H—}—OH 
6CH,OH 


D-Fructose (3S, 4R, 5R) 


9.2.7 Lengthening the Carbon Chain of Aldoses 


1. Kiliani-Fischer synthesis Heinrich Kiliani discovered in 1885 that an aldose can be 
converted to the epimeric aldonic acids having one additional carbon through the addition 
of hydrogen cyanide that leads to the formation of two epimeric cyanohydrins (due to 
formation of a new chirality center) followed by their hydrolysis. Because these epimers 


Organic Chemistry: A Modern Approach 


are diastereoisomers, they are typically formed in different amounts through the transition 
states of different energy. Fischer later synthesized aldoses by reducing aldonolactones 
obtained from aldonic acids. This method for lengthening the carbon chain of an aldose is 
called the Kiliani—Fischer synthesis. The process can be illustrated with the synthesis of 
D-glucose and D-mannose from D-arabinose (an aldopentose). 


CHO 
HO—WM\—H 
H—HW— OH 
H————- OH 
CH,OH 
D-Arabinose 
| HCN | 
CN - ; CN 
H—+ oH Epimeric HOoO-—!—_# 
HO—_-_-H Za cyanohydrins HO——-—_-H 
H—+ OH (separated) H—+— OH 
H——-OH H——-OH 
CH,OH CH,OH 
1. Ba (OH), 1. Ba(OH), 
| 2. dil. H,SO, | 2. dil. H,SO, 
COOH COOH 
H—W¥0OH Epimeric HO——_——H 
HO —H we aldonic acids HO——_——_H 
H——+——0OH H—+——0OH 
H—+——0OH H—+——0OH 
CH,OH CH,OH 
| -H,O | -H,O 
Lactonization Lactonization 
O=C Epimeric O=C ) 
ae — | —. a O y-aldonolactonse ae =e O 
O——H O—;—H_) 
H——-0OH H—~+—-OH 
CH,OH CH,OH 
pita | Nee 20 pat ais | Nee 20 
CHO CHO 
H—+t—\ oH Epimeric HO——_+—_-H 
HO——W\—_H aldohexoses HO—_——_H 
H———-0OH H——-OH 
H——+——0OH H—+——0OH 
CH,OH CH,OH 
D-Glucose D-Mannose 
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Modification of the Kiliani-Fischer synthesis The present-day modification of the Kiliani— 
Fischer synthesis involves catalytic hydrogenation of the epimeric cyanohydrins by the 
partially deactivated palladium catalyst. The intermediate imines are finally hydrolyzed to 
yield aldoses. The process can be illustrated with the synthesis of D-ribose and D-arabinose 
from D-erythrose. 


CHO 
H—WY+——_OH 
H——+———-OH 
CH,OH 
D-Erythrose 
NaCN/HCl 
CN CN 
H———_—-OH HO——_+——-H 
H—+—_OH H—+—_OH 
H—+OH H —+— OH 
CH,OH CH,OH 
H 4.5 H 4.5 He 
Pp Pd/BaSO, pe *°) pd/BaSO, 
; CH=NH | [ CH=NH | 
H—WY,——-OH HO ———__—-H 
H—+W—OH H—+4OH 
H———_OH H—+-OH 
L CH,OH | i CH,OH | 
An imine An imine 
ho ho 
CHO CHO 
H————_OH HO ————-H 
p—| on 7CZepimer\ | on 
H—+OH H —+— 0H 
CH,OH CH,OH 


D-Ribose D-Arabinose 


Fes ua a tets end ip tiation A aa besesa vada aden erate as Organic shenisny eh Mauri nnniedey 
2. Sowden synthesis The Sowden method for stepping up of aldoses involves reaction with 
nitromethane in the presence of NaOMe/MeOH followed by hydrolysis of the salt of the 
aci-nitro intermediate (the Nef reaction). For example, D-glyceraldehyde may be converted 
into D-erythrose and D-threose as follows: 


ie) 2. 
OV 26 OV 80 
| 
Hy (20 CH, CH, = 
2NaOMe H—_{ OH HO H 
H OH + CH3NO2 —4,.0n > H OH + H OH 
CH,OH L CH,OH CH,OH 
D-Glyceraldehyde 
ea Na ON e 2 Na 
| | 
CHO CHO CH CH 
H————OH , HO——_——H  Qail.H,s0, H—1——OH , HO——7~——H 
H—,WOH H————OH © bydrol. WH ———-OH H—,-¥—Y OH 
CH,OH CH,OH CH,OH CH,OH 
Se Se 
D-Erythrose D-Threose Hei dire sols 


\ AL. 


C-2 epimers | 
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Mechanism for the reaction 


H 


Oo, a Oo 2) O: 
Ga 82+ MeQ? == uk drt, 8<° | MeOH 
Nitromethane 
Re 
2 9s 
ee a RS 
H30° oon 
. CH H,0°® (H,SO,) CH < rae ae CH 
| (Nef reaction) | . ay | 
CHOH CHOH O—CH 
:O: _ 
HO. © OH ol Os 
SANK 2 Gy Na 
ue = by /2 eae O—=N—CHOH—CHOH-- 
- | . | 
CHOH CHOH CHOH 
H-—-O Te O--H 
® @® 
_-CHOHcH-NN=0 476° <8 —-cHoH—CH—N—N* CH—CHOH— 
|  “ “CHOH al 
OH Oo O 
(Aldose with one 
more carbon) 
je 
CHO 
H,O + N,O <— [HO—N=N—OH] + | 
CHOH 
(Aldose with one 


more carbon) 


An aldose can also be stepped up to a ketone containing two more carbon atoms using the 
above procedure except that 2-nitroethanol is used instead of nitromethane. For example, 
D-erythrose can be converted into D-psicose and D-fructose as follows: 
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CH,OH CH,OH 
CHO CH—NO, CH—NO, 
H—;— OH , CH2,0H onaome. |H —7—- OH HO —,— H 
H—— OH” GH,NO, “eH” |H —}— OH + H—}— OH 
CH,OH H —+— OH H —+— OH 
D-Erythrose LL CH,0H CH,0H | 
1CH,OH 1CH,OH CH,OH CH,OH 
@ — 0. e 0. 
7C=0 7C=0 C=N— Png C=NC Png 
H—l__ 0H HO—l|__H . H—+—onH =‘? HO—+—H =“? 
Hon 4 H-4—on <> OH + H—1t—0H 
H—}— OH H—}— OH —|—_oH H—— OH 
‘CH,OH ‘CH,OH CH,OH CH,OH 
D-Psicose D-Fructose ‘ % ‘ 


9.2.8 Shortening the Carbon Chain of Aldoses 


1. The Ruff Degradation The Ruff degradation shortens an aldose chain by one carbon 
atom. It is the original aldehyde carbon that is lost and a new —CHO group is created at 
what was C-2 in the starting sugar. In this process, the aldose is first oxidized to aldonic 
acid by bromine-water. The aldonic acid is then converted into its calcium salt by treating 
with calcium hydroxide and finally the calcium salt is treated with ferric sulphate and 
hydrogen peroxide to cause decarboxylation and oxidation of what was the C-2 carbon. 
D-Galactose, for example, may be converted into D-lyxose as follows: 


CHO COO” 
H—+— 0H H—— 0H \ Ca?* ao 
HO—+— H 
HO——_H 1. Br,/H,O HO—,—H H,0, — 
ne CKO,” | 40 FeS0), > HO pe OD 
———H — (dicarboxylation H—— OH 
ee —__| d oxidation) 
H OH H OH and oxidation CH,OH 
CH,OH CH,0H /2 D-Lyxose 


D-Galactose Ca salt of 


D-galactonic acid 
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The plausible mechanism for decarboxylation and oxidation of C-2 is as follows: 
HOYLOH F&> 2HO 


Na 
| ? a + OH co, +H on O™-H > CF 4 H,O 
H—C—OH H—C—OH 


2. The Wohl degradation The Wohl degradation, an alternative to the Ruff degradation, is 
nearly the reverse to the Kiliani—Fischer synthesis. This method can be used to convert 
an aldose into another aldose with one less carbon atom. In this process, the aldose is first 
converted into its oxime. The oxime is then treated with Ac.O/NaOAc to yield a completely 
acetylated oxime which readily loses a molecule of acetic acid to form a nitrile. The nitrile 
is finally treated with NaOMe in methanol to yield the next lower aldose. When D-glucose, 
for example, is subjected to the Wohl degradation, D-arabinose is obtained. 


H 
NA C=NOH Sohn), 
H—{+— 0H H—;— OH H—+— OAc 

HOTTER MOTT B  eammow, [M08 
H—+— OH 2 H—+— oH as H—+— OAc 
H—1— OH H—— 0H H—— OAc 

CH,OH CH,OH CH,OAc 
D-Glucose - 

[aon 

CHO C=N 
HO ——_ H H—— OAc 

ul on “teow 40 ——H 
CH,OH H—— OAc 
H OAc 

D-Arabinose CH,OH 


In the final step, the acetates undergo transesterification to yield methyl acetate freeing 
all the sugar —OH groups. This is followed by loss of a molecule of hydrogen cyanide. 
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CN ca 
2 
H— pce <*> CH;COOMe + iG, ‘OMe 
3 


Z We 
HLOMe | 

a + MeOH + CN® 
3. The Weerman degradation This degradation method is used to degrade aldose to another 
aldose with one less carbon atom. The first step of the Weerman degradation involves 
oxidation of the aldose with bromine-water to form the corresponding aldonic acid. 
When the aldonic acid is acidified, a ylactone is obtained. The lactone is then treated 
with ammonia to yield an amide. The amide is finally allowed to react with Cl,/NaOH 
(Hofmann rearrangement) to yield the new lower aldose. D-Glucose, for example, may be 
converted into D-arabinose (an aldopentose) as follows: 


Q OQ NH 
\ 

CHO COOH No Nor? 
H—— OH H—— OH H—— OH H—+— OH 

HO——H ses yij0. HO——H y,0°. HO—,—H O na, HO——H 

(-H,0) A 
H—+— OH H—+— OH 7 H— H—- OH 
H—+— OH H—+— OH H—+— OH H—- OH 
CH,OH CH,OH CH,OH CH,OH 
D-Glucose D-Gluconic acid A a-lactone An amide 


Hofmann [come 


rearrangement 
SS C Za Gi =C=O 
HO H Be ee: hone 
H,O+NaNCO + 4H OH NaOH HO—+—H (J 
<< 
o OH H—+— 0H 
CH,OH H—- OH 
D-Arabinose a CH,OH f| 
An isoyanate 


The a-hydroxyamide undergoes Hofmann rearrangement in the presence of Cl./NaOH to 
yield an isocyanate. Instead of being hydrolyzed, the isocyanate undergoes an elimination 
reaction to give the next lower aldose. 
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4. A recent method (Macdonald et al.) involving a thioacetal A more recent method of 
descending the sugar series involving a thioacetal in the first step may be outlined as 
follows: 


H O 
“oF coHsHHc! CH (SCoHs5)o o,4,co,4_ CH (SO2C2H5)2 
——> | ——> | 
CHOH CHOH CHOH 


H O 


No 
CH,(SO.C2H5)o + 
An aldose 
(with one less carbon) 


9.2.9 Ascending and Descending of Ketoses 


Since the functional group in ketoses to be involved in the reaction for carrying out 
ascending or descending process is not present at the end of the carbon chain, common 
methods for ascending and descending of sugars cannot be directly applied to ketoses. 
Ascending and descending ketoses can, however, be carried out by converting a ketose into 
an aldose, descending (by the Kiliani—Fischer synthesis) or ascending (by Ruff or Wohl’s 
method) that aldose, and then converting the resulting aldose into the corresponding 
ketose. 


ascending 
ao > 
Aldopentose GaianicFischer? “!dohexose —{ 
synthesis) 


Ketopentose Ketohexose 


descending | 
Aldopentose (Ruff degradation > Aldohexose 


or Wohl’s method) 


9.2.10 Conversion of an Aldose into its Epimer 


In the presence of a tertiary amine, particularly in the presence of pyridine, an equilibrium 
is established between an aldonic acid and its C-2 epimer. This reaction is the basis of the 
best method for converting an aldose into its epimer because only the configuration of C-2 
is affected. The aldose is first oxidized by bromine water to the aldonic acid, which is then 
treated with the base pyridine. From the equilibrium mixture thus formed, the epimeric 
aldonic acid having different physical characteristics is separated, and reduced (in the 
form of its lactone) to the epimeric aldose. For example, D-glucose can be converted to 
D-mannose as follows: 
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CHO COOH COO® COOo° 
H—— OH H—+—OH H——OH HO——H 
HO—++—_ H Brahh HO——H Pyridine HO——H Pyridine HO—+—H 
H—— OH H—,—OH H—— OH H——\—0OH 
H—— OH H—,—OH H—— OH H——\—0OH 
CH,OH CH,OH Z CH,OH CH,OH | 
D-Glucose D-Gluconic acid i 
HCl 
Ov = = 
C COOH COOH COOH 
HO tu) HO——H HO——H H—;— OH 
HO——H , HO——H Seumied |\O——H HO——H 
J < << + 
H— H—,— OH H—— OH H—;—OH 
H——OH H—+— OH H—;— OH H—+— OH 
CH,OH CH,OH CH,OH CH,OH 
D-Mannonic acid D-Mannonic acid D-Gluconic acid 
Natt 3.5 
CHO 
HO——H 
HO——H 
H—— OH 
H—— OH 
CH,OH 
D-Mannose 


Mechanism for epimerization of aldonic acid (salt): 


Bite) (S) oy . ye) oe oe 
On OXF Qe .<0: % ON 0: 
— 6 Lvl -Py 
Py HOH °C—OH C—OH HO —H | 5; 
cc) i a” 
HO——H — HO—,—H . ,HO—7;—H aa HO——H ° 
H—— OH H—— OH - 
Hon la ae H—;—0H 
w_|-on H—;—0H 
CH,OH CH,OH 
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9.2.11 Conversion of an Aldose into a Ketose 


The conversion of an aldose into a ketose containing same number of carbon atoms involves 
formation of the osazone of the aldose by allowing it to react with excess of phenylhydrazine 
followed by treatment of the osazone with PhCHO in the presence of acid to yield an osone 
and then reduction of the osone with Zn/AcOH to yield a 2-ketose. 


CHO 3PhNHNH, CH—=NNHPh 2PhCHO/H® CH=O Zn/AcCOH. CH ,OH 
w? (2PhCH=NNHPh)” | [Hi] 
CHOH (step 1) C —=NNHPh (step 2) C =0 (step 3) C =0 
An aldose An Osazone An osone A 2-ketose 


In step 2, the phenylhydrazino groups are transferred from osazone to PhCHO giving 
osone and a precipitate of benzaldehyde phenylhydrazone. In step 3, the more reactive 
aldehyde group is reduced preferentially to yield the ketose. 


9.2.12 Conversion of a Ketose into an Aldose 


The conversion of a ketose into an aldose involves the steps as follows. The ketose is first 
reduced to a, polyhydric alcohol by H,/Ni. The polyhydric alcohol is then oxidized with 
HNO, to give a monocarboxylic acid (only one of the terminal —CH,OH groups being 
oxidized). On warning, the acid is converted into a ylactone which, on reductive with 
sodium amalgam in faintly acid solution, is converted into an aldose. 


OS 
CHLOH CHLOH oo} (CHOH), 9 
i HN a ens = ies Ay td 
ee CH,OH oxidation) CH,OH CHOH 
CH,OH A polyhydric An aldonic acid CH,OH 
A ketose aeono A ylactone 


CHO 
| Na(Hg) 
aaa pH 3-5] 
CH,OH 
An aldose 


When the ketone is reduced, two epimeric polyhydric alcohols may be formed due to 
formation of a new chirality centre. In practice, however, one of them predominates. 
Furthermore, when these two alcohols are oxidized, oxidation may take place at either 
end of the carbon chain, and hence the final product will be a mixture of four aldoses. 
However, these will not be present to the same extent. 
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9.2.13 Chemistry of D-(+)-Glucose (Dextrose, Grape-Sugar, Blood-Sugar) 


The naturally occurring glucose is found to be dextrorotatory (hence the name dextrose) 
and the configuration of the last chirality centre (C-5) is found to be identical with that 
of D-glyceraldehyde. For this reason, naturally occurring glucose is often written as 
D-(+)-glucose. It is found in ripe grapes, honey and most sweet fruits. It is also a normal 
constituent of blood, and occurs in the urine of diabetics. Glucose is metabolized directly 
by the body. 


9.2.13.1 Preparation of D(+)-glucose 


D-Glucose can be prepared by hydrolyzing sucrose, starch or cellulose: 


(i) From sucrose (cane sugar) D-Glucose is a constituent of the disaccharide called 
sucrose and can be obtained by hydrolyzing the latter with aqueous ethanolic solution 
of concentrated hydrochloric acid. An equimolar mixture of D-glucose and D-fructose is 
obtained. The acidic solution is neutralized and is then concentrated when the sparingly 
soluble D-glucose separates out as a crystalline solid. Fructose remains in the solution. 


Cy9H99044 HCl CgH120¢ CgH 20¢ 
a 
Sucrose * H,0 “A D-Glucose * D-Fructose 


(ii) From starch Pure D-(+)-glucose is manufactured by heating starch with dilute 
hydrochloric acid under pressure. 
(CgH 905), HCl nCgH 206 


Seam A 
Starch +120 “720°; 2-3 atm D-Glucose 


(iii) From cellulose When hydrolysed with fuming hydrochloric acid, cellulose gives 
D-glucose in 95-96% yield. 


(CgH 490s), HCl nCgHy20¢ 
Cellulose +nH30 ~ D-Glucose 


9.2.13.2 Properties of D(+)-glucose 


D(+)-Glucose, a colourless compound having m.p. 146°C, has a sweet taste, but is not as 
sweet as cane-sugar. It is a strong reducing agent, reducing both Fehling’s solution and 
ammoniacal silver nitrate solution. When an aqueous solution of glucose is heated with 
NaOH, it turns brown. Glucose forms a cyanohydrin with hydrogen cyanide and an oxime 
with hydroxylamine (NH,OH). All of these reactions are typical of aldehydes. However, 
when it is heated with phenyl hydrazine in acetic acid, the corresponding phenylhydrazone 
is not obtained and instead of that an osazone is obtained. 
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9.2.13.3 Structure of D-(+)-glucose 


1. Elucidation of open-chain ‘aldohexose’ structure 


That glucose possesses a polyhydroxyhexanal structure has been established on the basis 
of the following facts and conclusions therefrom: 


(i) 


(ii) 


(iii) 


(iv) 


(v) 


(vi) 


Elemental analysis and molecular weight determination confirm that the molecular 
formula of glucose is CgH,.0g,. 

When glucose is allowed to react with acetic anhydride, a penta-acetate is 
obtained. This observation indicates the presence of five hydroxyl group in the 
molecule. Organic compounds two —OH groups attached to a single carbon atom, 
i.e., the gem-dihydroxy compounds are unstable and usually lose a molecule of 


/OH 
water pied OH —_— »C=0 + HO}. Glucose is a stable molecule and does not 


eliminate a molecule of water on warming. This proves that the five hydroxyl groups 
in glucose are attached to five different carbon atoms (vic-dihydroxy compounds 
are thermally stable). 

Reduction of glucose with H./Ni or NaBH, yields a hexahydric alcohol, sorbitol 
(glucitol) which produces n-hexane when reduced with hydroiodic acid and red 
phosphorus. 


CgH120¢ H/Ni CgH,40¢ Red P/HI CH;(CH2),CHs 
Glucose orNaBH/H,0° Sorbitol 100°C n-Hexane 


This observation suggests that the six carbon atoms in glucose remain in a straight 
chain (C—C—C—C—C—C). 

Glucose forms an oxime with hydroxylamine and a cyanohydrin with hydrocyanic 
acid. These reactions indicate that glucose contains a carbonyl group, i.e., it is 
either an aldehyde or a ketone. 

Glucose undergoes oxidation to yield a pentahydroxy acid (CgH,,0,) having the 
same number of C-atoms by the mild oxidizing agent like bromine-water. Also, 
glucose reduces Tollens’ and Fehling’s reagent. These are characteristic reactions 
of an aldehydic (—CHO) group. Therefore, glucose is an aldehyde and not a ketone. 
Since the six carbon atoms form a consecutive unbranched chain, the —CHO group 
must be present at one end of the chain. 

Further oxidation of the pentahydroxy acid with HNO, produces a dicarboxylic acid 
(C,H, Og). This indicates the presence of a primary alcoholic group (—CH,OH) in 
the molecule because oxidation occurs with the loss of two hydrogens and gain of 
one oxygen. 

On the basis of the foregoing reactions, the structure of glucose may be written as 
follows: 


6 5 4 3 . 1 
HOCH, CHOHCHOHCHOHCHOHC HO 
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Number of stereoisomers There are four dissimilar asymmetric carbon atoms (C-2, C-3, 
C-4 and C-5) in the open-chain structure of glucose. Therefore, 2* = 16 stereoisomers are 
possible. 


2. Determination of the configuration of D-(+)-glucose (Fischer's proof) 


Emil Fischer started his investigations on the stereochemistry of (+)-glucose in 1888 
and after three years he succeeded in determining the correct configurations of all the 
chirality centres in the molecule. At that time the question of absolute configurations 
of the asymmetric carbon atoms were not settled and the study of stereochemistry was 
largely based on the stereochemistry of an asymmetric centre with the arbitrarily assigned 
stereochemistry of D- and L-glyceraldehyde. (+)-Glucose could have any one of the sixteen 
possible configurations (stereoisomers) of which eight must be of D-series and eight must 
be of L-series. Fischer arbitrarily decided that the relative configuration of C-5 asymmetric 
centre of natural (+)-glucose was like D-glyceraldehyde, i.e., the natural glucose is D-(+)- 
glucose. He carried out his investigations on the basis of this assumption. 


Now, (+)-glucose could have any one of the following eight configurations (I-VIII) in which 
C-5 carried the —-OH on the right. 


‘CHO ‘CHO ‘CHO ‘CHO 
H—+— OH HO——H H—— OH HO——H 
H—4+— 0H H—4— OH HO—4—H HO—4—H 
H—4— OH H—4+— 0H H—*+~— 0H H—+— 0H 
H—+— 0H H—+— 0H H—+— 0H H—+— 0H 

‘CH,OH ‘CH,OH CH,OH ‘CH,OH 

I II III IV 

‘CHO ‘CHO ‘CHO ‘CHO 
H—4—\ OH HO—}—H H—4— 0H HO——H 
H—— OH H—— OH HO—+~—H HO——H 
HO—+—-H HO—*—H HO—*+—_H HO—+—H 
H—+— 0H H—+— 0H H—+— 0H H—+— 0H 
CH,OH ‘CH,OH ‘CH,OH CH,OH 
V VI VII VIII 


The aldopentose which has been considered in the Fischer’s proof is (—)-arabinone. It 
is also assumed to be of D-series. Hence, out of eight possible configurations only four 
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(IX—XIT) in which C-4 carried the -OH on the right have been considered and (—)-arabinose 
could have any one of these configurations. 


‘CHO ‘CHO ‘CHO ‘CHO 
H—+}—0OH HO—}—H H—+— 0H HO—}—H 
—|__OH —_OH HO—+—H HO—}—H 
H—— 0H H—j— 0H H—— 0H H . OH 
CH,OH CH,OH CH,OH CH,0OH 
ix xX XI XII 


Fischer’s proof was based on the reasonings as stated below: 
1. When (—)-arabinose is oxidized by nitric acid, it yields on optically active dicarboxylic 
acid. Optically active diacid may be obtained from X and XII, while meso diacid 
may be obtained from IX and XI. 


COOH COOH 
HNO,. HO—+—H . HNO,. HO—+——H 
— — on el > HO—+—H 
H—+— OH H—+—OH 
COOH COOH 
Optically active Optically active 
(no element of symmetry) (no element of symmetry) 
COOH COOH 
H—+— OH H—,— OH 
1x HNO; _H—| on Plane of - oxy HNOs. y7Q__| Plane of 
symmetry symmetry 
H—+— OH H—j— OH 
COOH COOH 
Optically inactive Optically inactive 
(a meso compound) (a meso compound) 


(—)-Arabinose is, therefore, X or XII. Hence, the -OH group on C-2 of this aldopentose 
must be on the left; the configuration of C-3 is yet to be settled. 

2. (—)-Arabinose is converted into (+)-glucose and (+)-mannose by the Kiliani-Fischer 
synthesis. (+)-Glucose and (+)-mannose are therefore, C-2 epimers. If (—)-arabinose 
is X, (+)-glucose and (+)-mannose must be III and IV and if it is XII, (+)-glucose and 
(+)-mannose must be VII and VIII. 
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9.42 
CHO 
Kiliani—Fischer H——— OH 
chain lengthening HO———_H 
H—+— 0H 
H—,—- 0H 
CH,OH 
Ill 
CHO 
Kiliani—Fischer 
XII chain lengthening H—— 0H 
HO—+—H 
HO—+—H 
H—,—- 0H 
CH,OH 
Vil 


CHO 
1O—— 
HO—+—H 
+ 
H—1—_ oH 
H—+— oH 
CH,OH 
IV 
CHO 
HO—+—H 
HOo—+—4 
* Ho—l| -H 
H—+— oH 
CH,OH 
VIII 


3. Optically active dicarboxylic acids are obtained when both (+)-glucose and 
(+)-mannose are oxidized by nitric acid. Optically active diacids may be obtained 
from the pair IIT and IV, while an optically active and an optically inactive diacid 


may be obtained from the pair VII and VIII. 


COOH COOH 
H—,— 0H HO—+—H 
Ul a HO—+— H IV i HO——H 
H——0H H—,—- 0H 
H—,— OH H—, OH 
COOH COOH 
Optically active Optically active 
(no element of symmetry) (no element of symmetry) 
COOH COOH 
H—,—- OH HO—+—H 
HO H Pl f HO H 
PING) ane 0 HNO, 
Mito. HO—1—H symmetry ’ AST HO—!—H 
H—-\ OH H—,—- 0H 
COOH COOH 
Optically inactive Optically active 


(a meso compound) 


(no element of symmetry) 


eee ee eee 
Therefore, III and IV represent (+)-glucose and (+)-mannose. This means that the 
—OH on C-4 is on the right. [(—)-Arabinose must also have the same —OH (on C-3) 
on the right, and hence, has configuration X.] 
Now, it only remains to decide which compound has which configuration, i.e., 
whether III is (+)-glucose and IV is (+)-mannose or IV is (+)-glucose and III is 
(+)-mannose. 

4. Oxidation ofanother hexose, (+)-gulose yields the same dicarboxylic acid, (+)-glucaric 
acid, as does oxidation of (+)-glucose. If we examine the two possible configurations 
for (+)-glucaric acid, IIa and IVa, we see that only IIIa can be obtained from two 
different hexoses: from III and another aldohexose obtained by interchanging the 
terminal group —CH,OH and —CHO of III, i.e., the enaniomer of V. 


CHO COOH CH,OH 
H—+— 0H H—,-— OH H—+— 0H 
HO—|—_-FA HNO, HO—;+—H HNO; HO—+—H 
H—+— 0H [O] H—— OH [0] H—+— OH 
H—+— 0H H—+— OH H—+— 0H 
CH,OH COOH CHO 
III Illa Enantiomer of V 


The acid IVa can be obtained from just one aldohexose: from IV and this is 
because interchange of the terminals —CH,OH and —CHO groups gives the same 


1.e., (+)-gulose 


aldohexose. 
CHO COOH CH,OH 
HO H HO H HO H 
HO—+—H HNO, HO—+—H HNO, HO—+— H 
H—+— OH [O] H—,-— OH [0] H—+— OH 
H—-—\— OH H—-—— OH H—+— OH 
CH,OH COOH CHO 
IV IVa IV (rotated 180°) 


It thus follows that (+)-glucaric acid has configuration IIIa, and therefore, that 


(+)-glucose has configuration III. 


CHO 
H—t— 0H 
HO—+—H 
H—— 0H 
H—+— 0H 
CH,OH 
Ill 


(+)-Glucose 
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[(+)-Mannose, of course, has configuration IV, and (—)-gulose (the enantiomer of the 
aldohexose used by Fischer) has configuration V.] 

Although Fischer made an arbitrary choice that (+)-glucose was a D-sugar, 
later work by Bijvoet (1954) on the absolute configuration of naturally occurring 
(+)-glucose has confirmed that Fischer’s assumption made in 1891 was correct, 
1.e., (+)-glucose is of D-variety (C-5 —OH is on right). According to the IUPAC 
nomenclature, the aldohexose form of D-(+)-glucose is named as (2R, 3S, 4R, 5R)- 
2,3,4,5,6-pentahydroxyhexanal. 


3. Cyclic structure of D-(+)-glucose 


Although formulation of glucose as a straight-chain polyhydroxy aldehyde can explain 
many of its reactions, the facts that had still to be accounted for were the following: 


(i) 


(i1) 


(iii) 


(iv) 


(v) 


D-(+)-Glucose fails to undergo certain reactions typical of aldehydes. Glucose does 
not form sodium bisulphite addition product. Also, it cannot restore the pink colour 
of the Schliffs reagent. 

D-(+)-Glucose exists in two isomeric forms, known as a-D-(+)-glucose (m.p. 146°C 
and specific rotation +112°) and B-D-(+)-glucose (m.p. 150°C and specific rotation 
+19°). 

In aqueous solution, the two isomeric D-(+)-glucose undergo mutarotation. When 
crystals of ordinary D-(+)-glucose of m.p. 146°C are dissolved in water, the specific 
rotation gradually drops from an initial +112° to +52.7°. On the other hand, when 
crystals of D(+)-glucose of m.p. 150°C (obtained by crystallization at temperatures 
above 98°C) are dissolved in water, the specific rotation gradually rises from an 
initial +19° to +52.7°. The form with the higher positive rotation is called a-D- 
(+)-glucose and that with lower specific rotation $-D-(+)-glucose. The change in 
rotation of each of these to the equilibrium value is called mutarotation (muta, 
meaning change). 

D-(+)-Glucose forms two isomeric methyl D-glucosides. Aldehydes react with 
alcohols in the presence of anhydrous HCl to form acetals. If methanol is used, the 
acetal contains two methyl groups. 


Pe) ® _ OCH; @ 
R-CQ,, GOH, R-CHL |, | Smouae, R—CH—OCH, 
An aldehyde A hemiacetal OCH, 


An acetal 

When D-(+)-glucose is treated with MeOH and HCl, the product, methyl D-glucoside 
contains only one —CH, group; yet it has properties similar to those a full acetal. 
It does not spontaneously revert to aldehyde and alcohol in the presence of water, 
but requires hydrolysis by aqueous acids. Furthermore, two of these mono-methyl 
derivatives of D-(+)-glucose are known, one with m.p. 165°C and specific rotation 
+158° and the other with m.p. 107° and specific rotation —33°. The isomer of higher 
positive rotation is called methyl a-D-glucoside and the other is called methyl 
B-D-glucoside. These glucosides do not undergo mutarotation and do not reduce 
Tollens’ or Fehling’s reagent. 

Esterification of glucose with Ac,O produces two isomeric pentacetates and these 
do not react with NH,OH. 


be a cae cette eee eee ae 
To account for all these observations, a cyclic structure was proposed for D-(+)-glucose 
in which the —CHO group is not free, rather it forms a hemiacetal with the -OH group 
situated at C-5. In fact, glucose exists principally as two six-membered cyclic hemiacetals. 
A new asymmetric centre is created at C-1 by hemiacetal formation, and this leads to two 
diastereoisomeric forms of D-glucose called a@D-glucose or a-D-glucopyranose and f-D- 
glucose or B-D-glucopyranose (pyranose indicate sugar molecules which are structurally 
related to the six-membered heterocycle pyran). They differ only in the configuration at the 
hemiacetal carbon atom, the so-called anomeric carbon. Carbohydrate distereoisomers 
which differ only in the configuration of the anomeric C-atom are called anomers. 
As hemiacetals, o- and $-D-(+)-glucose are readily hydrolyzed by water. Although the 
crystalline form of either isomer is quite stable, in aqueous solution either anomer is 
converted—via the open-chain form—into an equilibrium mixture containing both 
the cyclic isomers. This equilibration result from the ready opening and closing of the 


hemiacetal ring. 


CHO 
H—|— OH “Hon 
_. HO-_,—H _. HO—1+—H 
a HOH *" H—}—0H 
H—-W OH H——.0 
CH,OH CH,0OH CH,0H 
a-D-Glucopyranose (36%) Open-chain form of B-D-Glucopyranose (64%) 
[o]p = +112° D-glucose [alp = +18.7° 
(trace) 


Equilibrium mixture: [G]p = +52.7° 


The process can be observed as a decrease in the optical rotation of the a-anomer (+112°) 
or an increase of the §-anomer (+18.7°) to the equilibrium value of +52.7°. At equilibrium 
about 64% of the 6-anomer and 36% of the a-anomer are present. The conentration of the 
open-chain structure, however, is too low (less than 0.5%). 


The relative amounts of the -OH group of cyclohexanol in the equatorial and axial position 
is 5.4:1, whereas the relative amounts of 6- and a-D-glucose are 2:1. Due to stabilization 
of the aanomer by electron delocalization involving transfer of some electron density 
from the sp® orbital of oxygen in the parallel o* antibonding orbital of the C—OH bond, 
the w-anomer is expected to be present as the major component (anomeric effect). But the 
reverse is true. In the highly polar solvent water, the anomeric effect is usually outweighed 
because this polar solvent stabilizes the more polar B-anomer by decreasing the dipole- 
dipole repulsive interaction. Also an equatorial —OH group is less crowded and better 
solvated by water through H-bonding than an axial one. [In a relatively less polar solvent 
such as methanol, the anomeric effect becomes much strong and as a result, the amount 
of the ~@-anomer increases. In fact, there is 50% of a-D-glucose in dry methanol.] 
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reduced in polar solvent 


3 Repulsive interaction is 
x 


A D-Glucopyranoside 


The typical aldehyde reactions of D-(+)-glucose — osazone formation, and reduction of 
Tollens’ and Fehling’s reagents — are, in fact, due to presence of a small amount of the 
open-chain form, which is replenished as fast as it is consumed. Since the concentration of 
the open-chain form is very low, certain easily reversible aldehyde reactions like bisulphite 
addition and the Schiff test do not take place. 


The hydroxyl at C-4 in the open-chain form could also add to the aldehyde carbonyl to 
produce a hemiacetal with a five-membered ring. This does not take place to a significant 
degree with glucose because the hemiacetal with six-membered ring and many equatorial 
groups is more stable. The widely accepted view is that D-(+)-glucose in solution exists 
mainly as an equilibrium mixture of the a and f-anomeric pyranoses, a small amount 
of the open-chain form together with small amounts of the a@- and B-anomeric furanoses. 


Naming of the cyclic hemiacetal forms of carbohydrates according to their five- or six-membered 
ring For naming a cyclic hemiacetal form of a carbohydrate, one has to start with a prefix 
derived from the name of the carbohydrate (for example, gluco for glucose, manno for 
mannose, etc.) followed by a suffix that indicates the type of the hemiacetal ring (pyranose 
for a six-membered ring and furanose for a five-membered ring). Thus, a six-membered 
cyclic hemiacetal form of D-glucose is called D-glucopyranose, a five-membered cyclic 
hemical form of D-ribose is called D-ribofuranose, a five-membered cyclic hemiacetal form 
of D-fructose is called D-fructofuranose, etc. 


Designation of anomers on the basis of the location of the C-1 -OH group Anomers are 
designated with the Greek letters ~and B. This nomenclature refers to the Fischer projection 
of the cyclic hemiacetal form of a carbohydrate, written with all carbon atoms in a straight 
vertical line and the C-1 carbon at the top. The anomer in which the hemiacetal -OH 
group (also called the anomeric —OH group) is on the same side of the Fischer projection as 
the oxygen at the configurational or reference carbon (the highest numbered asymmetric 
carbon used for specifying the D, L designation) is called the a-anomer and the anomer 
in which the hemiacetal —OH group is on the opposite side of the Fischer projection as the 
oxygen at the configurational or reference carbon is called the B-anomer. 
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Anomeric 
carbon a 
HO 


H O 
CH,OH Configurational Ltn, 
a-D-Glucopyranose carbon B-D-Glucopyranose 
(a-anomer) (B-anomer) 
Mirror Mirror 
plane plane 
—— OH HO—— —— 0H 
—— 0 —— 0 O—— 
D-Sugar D-Sugar L-Sugar 
o-Anomer o-Anomer B-Anomer B-Anomer 


Enantiomers Enantiomers 


To draw the cyclic hemiacetal forms of D-glucose both as Haworth projections and as chair 
conformations The cyclic hemiacetal forms of D-glucose as Haworth projections and as 
chair conformation can be drawn by the following operations. The Fischer projection of 
the molecule is first laid down over on its right side. The groups that were on the right in 
the Fischer projection are down in the cyclic structure and the groups that were on the 
left are up. C-5 and C-6 curl back away. The C-4—C-5 bond is then rotated so that the C-5 
hydroxyl group can form a part of the ring. For a sugar of the D series, this rotation puts 
the terminal —CH,OH group upward. The ring is then closed and the final hemiacetals 
are drawn in Haworth projections with the oxygen at the back right-hand corner, with 
C-1 at the far right. C-1 can be easily identified because it is the anomeric (hemiacetal) 
carbon—the only carbon bonded to two oxygens. The hydroxyl group on C-1 can be either 
up or down. The anomer with the anomeric —OH group down (trans to the terminal 
—CH,OH group) is called the a-(alpha) anomer, while the other with the anomeric -OH 
group up (cis to the terminal —CH,OH group) is called the B(beta) anomer. Both of these 
anomers are then drawn in stable chair conformations in which the anomeric carbon and 
the ring oxygen are in the same relative positions as they are in the preceding Haworth 
projections and the up and down groups are placed in axial or equatorial positions, as 
appropriate. All the ring substituents are equatorial in the B-anomer. Only the anomeric 
—OH group is axial in the o-anomer; all other substituents are equatorial. 
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CHO 13 eee 
6 
H—— 0H H\/ CH,OH 
HO—4\—H oH” i 
4 AON 
H—+— OH H 
H—+— OH saad 
‘CH,OH H OH 
Fischer projection Ie Laren 
of D-glucose eee 
6 6 
CH,OH CH,OH 
p te : 
OH 
H a H C-1—C-2 
P H aoe | bond rotation 
OH H rae ——=$s— 
HO 
3 2 
H OH 
(attack of the -OH group (attack of the -OH group 
on the Si face of the on the Re face of the 
carbonyl group) carbonyl group) 
6 6 
CH,OH CH,OH 
H 
Haworth 
: —=— proj ections 
OH 
a-D-Glucopyranose B-D-Glucopyranose 
ll ll 
Ho é Chair H Equatorial 
CH,0H conformations i CH,OH anomeric -OH 
O O L 
HO : HO 
HONE -H Axial HONE OH 
: 2 anomeric -OH 
H OH H H 
a-D-Glucopyranose B-D-Glucopyranose 
(less stable because (more stable because 


the C-1 —OH in axial) the C-1 —OH in equatorial) 


a eh eee ee, ee ee ee hain 
Conversion of the Fischer projection of $-D-glucopyranose into its chair conformation through 
Haworth projection The Fischer projection of B-D-glucopyranose is first redrawn in an 
equivalent Fischer projection in which the ring oxygen is placed in the down position. This 
is carried out by using a cyclic permutation of the groups on C-5 (an allowed manipulation 
of Fischer projection). The carbon backbone of this modified Fischer projection is imagined 
to be folded around a drum. Such an interpretation of the Fischer projection gives the 
structure in which the ring lies in a plane perpendicular to the page. When the plane of 
the ring is turned 90° so that the anomeric carbon is on the right and the ring oxygen 
is placed in the back right-hand corner, the substituents in up positions are those that 
are on the left in the Fischer projection and the substituents in down position are those 
that are on the right in the Fischer projection. This type of planar structure is called a 
Haworth projection. In a Haworth projection, the ring is drawn in a plane at right angles 
to the page and the positions of the substituents are indicated with up and down bonds. 
Finally, B-D-glucopyranose is drawn in a stable chair conformation (all substituents occupy 
equatorial positions) in which the anomeric carbon and the ring oxygen take up the same 
relative positions as they are in the preceding Howarth projection and the up and down 
substituents are placed in axial or equatorial positions, as appropriate. 


Thus, the chair conformation of B-D-glucopyranone may be drawn from its Fischer 
projection via the Haworth conformation as follows: 


i 
Cyclic HO—|—H 
permutation H oa OH 
HO—4+—H | = 
H—4+— 0H 
HOH,C —;—H 
QO———’ 
Modified 


B-D-Glucopyranone 


(Fischer projection) Fischer projection 


Anomeric 
carbon 


Anomeric 
carbon 
B-D-Glucopyranone H OH 
(chair conformation) B-D-Glucopyranone 
(Haworth projection) 


Fee aaa eh eect vqumtit ieee eng oan neraaee ident enolase Cganc ene isiy. Mace ennedey 
[It has been established from X-ray crystallographic studies of a large number of 
carbohydrates that the six-membered pyranose ring of D-glucose, like substituted 
cyclohexanes, exists in chair conformation.] 


Isolation of the pure a-anomer (mp 146°C, [a]p = +112°) and B-anomer (mp 150°C, [a]p = 
+18.7°) of D-glucopyranone from its aqueous solution When glucose is crystallized from 
water at room temperature, pure crystalline a@-D-glucopyranose is obtained and when 
glucose is crystallized from water letting the water to evaporate at a temperature >98°C, 
crystals of pure B-D-glucopyranose (the ordinary form of D-glucose) are obtained. In the 
solution, the two anomers remain in equilibrium through a very small amount of the 
open-chain form, and this equilibrium continues to supply more of the anomer that is 
crystallizing out of the solution at a particular temperature. 


H CH,OH H CH,OH H CH,OH 
O OH O 
H H O H 
HO OH H HO OH c= HO OH OH 
H OH H H H OH 
D-Glucopyranose D-Glucose D-Glucopyranose 
(a-anomer) (open-chain form) (B-anomer) 


Crystallization at 
room temperature 


H CH,OH 
O 


Pure o-D-glucopyranose 
mp 146°C, [alp = +112° 


Crystallization 
at >98°C 


H CH,OH 
O 


H H 
Pure B-D-glucopyranose 
mp 150°C, [dlp = +18.7° 


D-Glucose is the most abundant aldohexoseinnature Allthe—OH substituents inthe p-anomer 
of D-glucose or D-glucopyranose are equatorial. The axial positions are all occupied by 
hydrogens, which require very small space and therefore, this anomer experience little 
steric strain. No other aldohexose exists in such a strain-free conformation. For this 
reason, D-glucose is the most abundant aldohexose in nature. 


Mechanism of mutarotation Mutarotation is catalyzed by both acid and base. It also occurs 
even in pure water in which an acid-base catalyzed mechanism operates concertedly. 
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1. Mechanism for the acid-catalyzed mutarotation of D-glucopyranose 


H H 
CHOH «. CH,OH 8-H Ring 
HO i opening 
HO H Step 2 
H Con 
a-D-Glucopyranose Conjugate acid | bond 
(a-anomer) of a-D-glucopyranose 180° 


H 
H Ho fee 
ee. CH,OH ¢ 


BA ) 
HO: Q 
_———— 


H H 
B-D-Glucopyranose 


Conjugate acid of 
B-D-glucopyranose 


In step 1, the oxygen of the pyranose ring undergoes protonation by the acid catalyst. In 
aqueous solution, the acid catalyst is the hydroxonium ion. In step 2, the pyranose ring 
opens up by cleaving the bond between the anomeric carbon and the positively charged 
oxygen. This ring opening is facilitated by the release of electrons from the -OH group 
at the anomeric carbon and gives the conjugate acid of the open-chain form of D-glucose. 
In step 3, the conjugate acid of the open-chain form cyclizes through its bond rotated 
conformation to give the conjugate acid of B-D-glucopyranose. This cyclization is analogous 
to the acid-catalyzed nucleophilic addition to a carbonyl group. In step 4, the resulting 
conjugate acid transfers a proton to water to yield 6-D-glucopyranose. 


2. Mechanism for the base-catalysed mutarotation of D-glucopyranose 


HfGH,OH .. Ring Ht OH.OH ..6 
O: opening O: 
Step 2 


Ht H.OH .. 
O: 


H ae 


a-D-Glucopyranose 


bond 
rotation 
(180°) 


OF 


Aon OH Aon OH 
HQ--H ae 8 . 


OH Step 4 
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In step 1, the base takes up a proton to form the conjugate base of a-D-glucopyranose. 
In step 2, the pyranose ring opens up by cleaving the bond between the anomeric carbon 
and oxygen. In step 3, the conjugate base of the open-chain form cyclizes through its bond 
rotated conformation to give the conjugate base of $-D-glucopyranose and in step 4, the 
resulting conjugate base takes up a proton from water to yield B-D-glucopyranose. 


3. Mechanism for mutarotation in water involving concerted attack by water (an amphiprotic 
solvent) as a base and as an acid 


HOH 
Hi H 2 
CH;0H .. CH,OH .. 6 
. O: : Ring 2 OH OH 
HO opening HO a 
HO H “Step 1_ HO H 
H Oo) H O 
H Q 
‘OHe D-Glucose H30 
a-D-Glucopyranose (open-chain form) 
bond 
rotation 
ws (180°) 
A oH,OH 
O Ring 
HO H closure 
HOY 2 OH “Step 2 
OH 
H H - 
H,0: 


D-Glucose 
(open-chain form) 


a-D-Glucopyranose 


The opening of the cyclic hemiacetal in step 1 appears to a concerted process involving 
the simultaneous removal of a proton from the anomeric —OH group and donation of a 
proton to the ethereal oxygen atom. In step 2, ring closure takes place concertedly by 
simultaneously removal of a proton from C-5 —OH group and donation of a proton to the 
carbonyl oxygen atom. Since water being an amphiprotic solvent can act as both an acid 
and a base, mutarotation proceeds most readily by this mechanism in aqueous medium. 


9.2.13.4 Glycosides 


Most monosaccharides react with alcohols under acidic conditions to yield cyclic acetals. 
Such compounds are called glycosides. They are, in fact, some special types of acetals in 
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which one of the oxygens of the acetal linkage is the ring oxygen of the pyranose or furanose. 
The bond between the anomeric carbon and the alkoxy oxygen is called a glycosidic bond. 
The group bonded to the anomeric carbon of a glycoside is called an aglycone. For example, 
the methoxy (—OCH)) group is the aglycone in a methyl] glycoside. 


Glycosides are named by replacing the ‘e’ ending the sugar’s name with ‘ide’. Thus, the 
glycoside of glucose is a glucoside, the glycoside of ribose is a riboside, etc. Furthermore, 
if the glucoside is a six-membered ring, it is called glucopyranoside. Similarly, if riboside 
exists as a five-membered ring, it is called ribofuranoside. 


Formation of glycosides When a small amount of gaseous hydrogen chloride is allowed to 
pass into a solution of D-(+)-glucose in methanol, a reaction occurs that results in formation 
of two anomeric methyl glycosides (acetals). 


Hf oH,OH .. 
O: 


CH,0OH, HCl 
OH (HOH) 


D-Glucose Methyl] a-D-glucopyranoside 
(mp 165°C, [alf?= +158) 


Methyl B-D-glucopyranoside 
(mp 107°, [al}} = —33) 


However, when 1% hydrochloric acid is added to a solution of D-glucose is methanol and 
the solution in allowed to stand at 0° (or at room temperature), methyl D-glucofuranosides 
are obtained. 


Mechanism for the formation of glycosides The mechanism for the formation of methyl 
glucosides (starting arbitrarily with the B-anomer of D-glucopyranose may be outlined as 
follows: 
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B-D-Glucopyranose Conjugate acid 


“7 


Alcohol approache 
from the top face 


Alcohol approaches 
from the bottom face 


(a) (a resonance-stabilized (b) 
a-alkoxy carbocation) 


Hl CH,OH .. 
O: 


H ?OCH3 
Methyl $-D-glucopyranoside Methyl a-D-glucopyranoside 
(minor product) (major product) 


The acid protonates the anomeric —OH group. The conjugate acid then eliminates a 
molecule of water to form a resonance stabilized carbocation which subsequently undergoes 
nucleophilic attack by methanol. Top face addition followed by loss of a proton produces 


PP) ntl 3 rr co oa Tee ee eae ee a OOTY eT UTRIT eOONOORTTRE COTE ermETTTETON Te en hited 
B-glycoside, while bottom face addition followed by loss of a proton produces a-glycoside. 
Surprisingly, D-glucose forms more a-glycoside than f-glycoside. This result is called an 
anomeric effect. 


Characteristics of glycosides Since glycosides are acetals, they are stable in basic solutions. 
In acidic solutions, however, glycosides undergo ready hydrolysis to produce a sugar and 
an alcohol. For example, when an aqueous solution of methyl $-D-glucopyranoside is made 
acidic, it undergoes hydrolysis to yield D-glucose as a mixture of the two pyranose forms 
(in equilibrium with a very small amount of the open-chain form). Glycosides do not react 
(reduce) with either Fehling’s or Tollen’s reagent because they are stable in basic solutions, 
1.e., they do not undergo hydrolysis to give the open-chain form. 


The mechanism for the acid-catalyzed hydrolysis of a glycoside may be outlined as follows: 


H @ 
CH,OH j (= 
HO A f HO 
HOW 2 OCH; 
OH 


B-D-Glucopyranose 


Ht H,OH .. 
O: 


Attack by water is 
takes place on either H OH H OH 
face of the resonance- . 
stabilized planar H,O:/ a 
carbocation 


9.2.13.5 Formation of Ether (e.g., by Methylation) and Ester (e.g., by Acetylation) 
Derivatives 


Methylation When methyl D-glucoside is treated with methyl sulphate and sodium 
hydroxide, the remaining four -OH groups undergo methylation, and as a result, a methyl 
tetra-O-methyl-D-glucoside is obtained: 
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Methyl 6-D-glucoside Methyl $-2,3,4,6-tetra-O- 
(Non-reducing sugar) methyl-D-glucoside 
(Non-reducing sugar) 


In this reaction the ether linkages are formed by a modified Williamson synthesis. The 
Williamson synthesis with most alcohols requires a base stronger than OH® to form the 
conjugate-base alkoxide. The —OH groups of carbohydrates, however, are more acidic 
(pKa ~ 12) than those of ordinary alcohols because of the polar effect (—I) of many 
neighbouring highly electronegative oxygens in the molecule. Consequently, substantial 
concentration of their conjugate-base alkoxide ions are formed in concentrated NaOH. A 
large excess of the alkylating agent is to be used because hydroxide itself, present in large 
excess, also react with the alkylating agent. 


Methyl -2,3,4,6-tetra-O-methyl-D-glucoside may also be prepared from D-glucose by 
allowing it to react with Me.SO,/NaOH. However, in that case base-catalyzed epimerization 
does not take place despite the strongly basic conditions used and this is because the 
alkylation of the anomeric —OH group is much faster than epimerization. Once this oxygen 
is alkylated, epimerization can no longer occur. 


D-Glucopyranose Methyl 2,3,4,6-tetra-O-methyl-D- 
glucopyranoside 


Other reagents used to form methyl ethers of carbohydrates include CH,I (methyl iodide)/ 
Ag,O, and the strongly basic NaNH, (sodium amide) in liquid ammonia followed by CHgl. 


It is to be noted that the alkoxy group at the anomeric carbon is different from the other 
alkoxy groups in an alkylated carbohydrate molecule because it is part of the glycosidic 
linkage. Because it is an acetal, it can be hydrolyzed easily in aqueous acid under mild 
conditions. The other alkoxy groups are ordinary ethers and do not hydrolyze under these 
conditions. They require much stronger conditions for hydrolytic cleavage. 
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Methyl 2,3,4,6- tetra-O- 2,3,4,6- Tetra-O- 
methyl-D-glucopyranoside methyl-D-glucopyranoside 
(Non-reducing sugar) (Reducing sugar) 


Acetylation The hydroxyl groups of carbohydrates, like those of other alcohols, can be 
esterified. For example, when D-glucose is treated with excess acetic anhydride in the 
presence of pyridine or acid, 1,2,3,4,6-penta-O-acetyl-D-glucopyranose in obtained. 


Excess Ac,O 
OH pyridine or acid 


D-Glucopyranose 1,2,3,4,6-Penta-O-acetyl-D- 
glucopyranose (83%) 
Carbohydrate esters can be saponified in base or the —COR group can be removed by 
transesterification with an alkoxide such as methoxide: 


OHYH,O 
(saponification) 
(-5CH,COO”) 
7 rae i Of 6; 


1,2,3,4,6-Penta-O-acetyl- D-Glucopyranose 
D-glucopyranose 
5CH;ONa/CH;0H ra 
(transesterification) 
(5 CH,COOH) 


Ethers as well as esters are used as protecting groups in reactions involving carbohydrates. 
Ethers and esters also find use in the characterization of carbohydrates by chromatography 
and mass spectrometry because they have broader solubility characteristics and greater 
volatility than carbohydrates themselves. 
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9.2.13.6 Determination of Ring Size 


1. Haworth and Hirst by the classical oxidative degradation reaction were able to prove 
that the naturally occurring D-(+)-glucose possesses a six-membered pyran-like ring 
structure. The method of determining ring size is as follows: 


Methyl £-D-glucopyranoside, obtained by refluxing f-D-glucose with methanol in the 
presence of hydrogen chloride, is treated with dimethyl sulphate (Me,SO,) in aqueous 
NaOH to yield methyl 2,3,4,6-tetra-O-methyl-f-D-glucopyranoside. Being an acetal 
methyl glycoside does not undergo isomerization or fragmentation in basic media. 
When this compound is hydrolyzed by dilute hydrochloric acid, 2,3,4,6-tetra-O-methyl- 
D-glucopyranose is obtained. The resulting compound is a cyclic hemiacetal which, in 
solution, remains in equilibrium with a little open-chain aldehyde form (the other four 
—OCHg groups are ordinary ether groups and therefore, they remain unaffected under 
this reaction conditions). 


oxi 
HO cH oO 
H 
e OH 
HO OH 
H H 
B-D-Glucopyranose Methyl B-D-glucopyranoside 
Me,SO, 
H ring opens H a 
OMe... 6.4 OME... 
chs O: here — cud O: 
dil. HCl 
OH OMe 
MeO 
H H 
2, 3, 4, 6-Tetra-O-methyl-f-D- Methyl 2, 3, 4, 6-tetra-O-methyl- 
glucopyranose B-D-glucopyranoside 
*CHO 
H—4+—_OMe 
MeO—2;—_H 
= H—*+—_OMe 
H—+— 0H 
§CH,OMe 


2, 3, 4, 6-Tetra-O-methyl-D-glucose 
(open-chain form) 


The open-chain structure of tetra-O-methyl-D-glucose contains an aldehyde group, four 
methoxy (—OCH3) groups, and a free, unmethylated -OH group. This —OH group is 
actually located on the carbon atom which participates in the hemiacetal ring formation. If 
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the six-membered ring is correct, this -OH group would be located on C-5. Determination 
of ring size now becomes a matter of finding out which carbon bears the free -OH group. 


When 2,3,4,6-tetra-O-methyl-D-glucose was vigorously oxidized by nitric acid, the —CHO 
group is converted into a ——COOH group and the —CHOH-group is converted into a keto 
group. Under such conditions, the intermediate keto acid undergoes C—C bond cleavage 
yielding carboxylic acids containing lesser number of carbon atoms. The bond fission may 
take place on either side of the ‘c=0 group. In actual practice, a trimethoxyglutaric acid 
and a dimethoxy succinic acid are isolated as the product of oxidation. A mixture of five- 
carbon and four-carbon acids could be formed only by cleavage on either side of C-5. 


C-5—C-6 bond COOH 
cleavage H——\OMe 
[- 1 7 (C-5 becomes a MeO—_,__H 
CHO COOH —COOH group) H—{—— OMe 
H—1—oMe H—21—_oMe OOF. as 
MeO——_+—-H _— Meo—2 H A trimethoxyglutaric 
H OMe 5) 3 es = OMe acid 
H—+——_OH *C=0 
CH,xOMe for H 
umes 5CH,OMe C-4—C-5 bond coe 
2,3,4,6-Tetra-O-methy]l- _ ‘ = cleavage H—— OMe 
‘ A keto acid > MeO H 
D-glucose (C-4 becomes a 
—COOH group) : COOH Par 
A dimethoxysuccinic 
acid 


Therefore, it must be C-5 that carries the carbonyl oxygen of the intermediate keto acid, 
C-5 that carries the free -OH group in the tetra-O-methyl-D-glucose, C-5 that is involved 
in formation of acetal ring of the original glucoside. Therefore, methyl B-D glucoside and 
necessarily B-D-glucose must contain a six-membered ring. 

[It is to be noted that this conclusion is based on the assumption that no change in ring 
position takes place during methylation of glucose.] 


2. Periodic acid oxidation method for ring size determination 


Hudson (1937) oxidized methyl a-D-glucoside (I) with periodic acid and found that two 
moles of periodic acid were consumed; 1 mole of formic acid and one mole of a dialdehyde 
(II) were produced. 


Fe hee ease ets ean cca tha aceasta cede ersadeeeanidoeeeeter anata a Organic she nisny. ) Madeinnnnredey 
The dialdehyde (II) may further be cleaved to smaller fragments by a series of reactions 
and then from these a clear idea of ring size is obtained. In fact, this is a continuation of 
Hudson’s oxidation. 


(II) on oxidation with bromine-water in the presence of strontium carbonate, gave the 
crystalline salt (III). (III) on acidification with sulphuric acid (for hydrolysis), followed by 
further oxidation with bromine-water produces oxalic acid (IV) and D-(—)-glyceric acid (V). 
Isolation of (III), (IV), and (V) indicates that the ring in (I) is 6-(i.e., a pyranose ring); this 
is also supported by the fact that one C-atom is eliminated as formic acid, and that two 
molecules of periodic acid were consumed. 


H—!—OMe io 
COO? COOH 
1. Br,/H,O i, 1. dil H,SO, IV 
I> 00, ° °F 2. Br,/H,0 i 
COO® COOH 
H+ 0—/ 
CH,OH o ies 
a CH,OH 
V 


Mechanism for the step 2: 
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9.2.13.7 The Anomeric Effect 


The preference for the axial position by an electronegative substituent such as alkoxy 
(—OR) or acyloxy (—OCOR) group bonded to the anomeric carbon is called the anomeric 
effect. When D-(+)-glucose, for example, is allowed to react with methanol in the presence 
of HCl to form a glucoside, the major product is methyl o-D-glucopyranoside (with the 
—OMe group on C-1 axial) and the minor product is methyl B-D-glucopyranoside (with 
the —OMe group on C-1 equatorial). This observation indicates that the a-glucoside is 
thermodynamically more stable than the f-glucoside, even though conformationally the 
B-anomer (with all equatorial substituents) is expected to be more stable. The stability of 
the a-glucoside may be explained as follows. If the substituent —OMe is axial, one of the 
ring oxygen’s lone pair is in an orbital that is parallel to the o* antibonding orbital of the 
C—O bond. 


The molecule then can be stabilized by electron delocalization—some of the electron density 
moves from the sp? orbital of oxygen into the o* antibonding orbital. When the —OMe 
group is in equatorial position, neither of the orbitals that contain a lone pair is aligned 
correctly for overlap. 


Overlapping eels Equatorial 
lone pair j atbitals lone pair ; ees 
Ns Axial ye, = 
7, = substituent Equatoria 


H | substituent 
Z=OMe or OCOMe Z=OMe or OCOMe 


The preference of the substituent for the axial position is also due to the destabilization of 
B-glucoside caused by the dipole-dipole or electron pair-electron pair repulsion (rabbit ear 
effect). This can be shown as follows: 


Repulsive 
interaction 


vse Z . 
H 


9.2.14 Chemistry of D-(-)-Fructose (Fruit Sugar) 


Naturally occurring ketohexoses are, in fact, very rare and most important member of 
this class of compounds is D-(—)-fructose. It occurs widely in fruits and combined with 
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glucose, in the disaccharide sucrose (common table sugar). Fructose, which is the sweetest 
of the common sugars, accounts for the intense sweetness of honey. Since the naturally 
occurring D-fructose is laevorotatory, it is also called /aevulose. 


9.2.14.1 Preparation of D-(-)-Fructose 
Fructose can be prepared from cane-sugar, i.e., sucrose and inuline as follows: 
1. When sucrose (cane-sugar) is heated with dilute sulphuric acid, it undergoes 


hydrolysis to yield an quimolar mixture of D-(—)-fructose and D-(+)-glucose from 
which fructose is separated by fractional crystallization. 


Cy2H9201,; + HO aes C6H120¢ + CgH120¢ 


Sucrose D-(+)-Glucose D-(—)-Fructose 
(a disaccharide) 


2. Fructose is prepared commercially by the acidic hydrolysis of inuline, a 
polysaccharide made of fructose molecules. 


HCl 
(CgH 905), + nH,0 eee,” nCgH 4206 
Inuline A Fructose 


9.2.14.2 Properties of D-(-)-Fructose 


D-(—)-Fructose is a white crystalline solid having m.p. 102°C. It is soluble in water but 
insoluble in ether. It is sparingly soluble in ethanol. It reduces Fehling’s solution and 
Tollens’ reagent. With excess of phenylhydrazine it forms an osazone. The chemical 
reactions of fructose are, in fact, similar to those of glucose, any differences being due to 
the fact that the former is a ketone and the latter is an aldehyde. The most noticeable 
difference is the behaviour towards oxidizing agents. Fructose is not oxidized by bromine- 
water or an alkaline solution of iodine. When oxidized with nitric acid it gives a mixture 
of acids, each containing less than six carbon atoms. 


9.2.14.3 Structure of D-(-)-Fructose 


1. Elucidation of open-chain ketohexose structure 


The structure of fructose has been derived form a consideration of the following facts and 
conclusions therefrom: 
(i) Elemental analysis and molecular weight determination confirm that the molecular 
formula of D-(—)-fructose is CgH,.0¢. 
(ii) When treated with acetic anhydride, fructose forms a pentacetate derivative. This 
reaction, therefore, shows that there are five -OH groups in a molecule of fructose. 
Since fructose is a stable molecules, the five -OH groups must be attached with 
five different carbon atoms. 
(ii) Fructose forms monoxime with hydroxylamine. Therefore, it contains a carbonyl 


group pee or —CHO)}. 
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(iv) Fructose cannot be oxidized by mild oxidizing agent like bromine-water. This 
indicates that the carbonyl group is not aldehydic but ketonic >e=0). Again, when 


oxidized with HNOs, fructose is converted into a mixture of trihydroxyglutaric, 
tartaric, and glycolic acids. Since a mixture of carboxylic acids each containing 
lesser number of carbon atoms than fructose is obtained, the carbonyl group in 
fructose must present as a ketonic group. 

(v) Fructose can be reduced by sodium and ethanol to a mixture of two epimeric hexa 
hydric alcohols, namely, sorbitol and mannitol. These on further reduction with 
hydroiodic acid and red phosphorus at 100°C, a mixture of 2-iodohexane and 
n-hexane is obtained. The formation of the latter two compounds indicates that 
the six carbon atoms in fructose molecule form a consecutive, unbranched chain. 


C50,.. 222". C0, eS aH, 


(—)-Fructose Sorbitol and n-Hexane 
mannitol 


(vi) Fructose adds one molecule of HCN to give a cyanohydrin which on hydrolysis 
followed by reduction with hydroiodic acid and red phosphorus yields 
2-methylhexanoic acid. 


CHs; 
HCN 1, H,0° | 
CgH 120g ———> CeH)30,¢(CN) > RSG? CH,CH,CH,CH,CHCOOH 
D-(—)-Fructose A cyanohydrin 2-Methylhexanoic acid 


The formation of a C-2 branched carboxylic acid indicates that the ketonic group is 
adjacent to one of the terminal carbon atoms (C-2 position). 

On the basis of the above experimental facts the structure for (—)-fructose may be 
written as follows: 


i... 2 9 4 5 6 
HOCH, COCHOHCHOHCHOHCH,OH 


The open-chain structure of (—)-fructose has three chiral centres (C-3, C-4 and C-5), 
and therefore, it can have 2° = 8 stereoisomers, which differ in configurations at 
these chiral centres. Natural (—)-fructose is one of them. 


2. Elucidation of the configuration of (-)-fructose 


(—)-Fructose reacts with excess of phenylhydrazine to form an osazone which is found to 
be identical with glucosazone. Since osazone formation involves only the C-1 and C-2 of 
glucose, therefore, the configurations of the chiral centres C-3, C-4 and C-5 in fructose is 
identical to that in glucose. Hence, (—)-fructose has configuration I, i.e., (—)-fructose is (38S, 
AR, 5R)-1,3,4,5,6-pentahydroxy-2-hexanone: 


9.64 Organic Chemistry: A Modern Approach 


1CH,OH 1CH=NNHPh 1CHO 
2C=0 2C—NNHPh H—*}—0H 
38 3 3ls 
HO F H 3 PhNHNH, HO F H 3 PhNHNH, HO ; H 
H—*—_OH —x0on 2? +#H—*+—OH AcOH H—*+— oH 
H ; 2 _ _oOH H >| OH H ; 2 _ _OH 
CH,OH CH,OH CH,OH 
(I) Same osazone D-(+)-Glucose 
D-(—)-Fructose (Glucosazone or fructosazone) 


3. Ring structure of D-(-)-fructose 
Although most of the reactions of D-(—)-fructose can be explained on the basis of the open 
chain structure(I), the following facts remain unexplained: 

(i) D-(—)-Fructose is unable to form an addition product with sodium bisulphate 

(ii) There are two types of D-(—)-fructose, designated as o-D-(—)-fructose and B-D-(—)- 
fructose. 

(iii) In aqueous solution the two types of D-(—)-fructose undergo mutarotition. 

(iv) Only one molecule of methanol reacts with one molecule of D-(—)-fructose in 
the presence of anhydrous HCl to yield two fructosides, namely methyl a-D-(—)- 
fructoside and methyl B-D-(—)-fructoside. These have properties resembling those 
of a full acetal. 

(v) (—)-Fructose does not show appreciable carbonyl] absorption in its infrared spectrum. 

(vi) Fructose pentaacetate does not react with NH,OH. 

To account for these facts, a cyclic hemiacetal structure has been proposed for D-(—)- 
fructose in which the ‘C=O group is not free rather it forms a hemiacetal with the -OH 
group situated at C-6. Formation of hemiacetal generates a new chiral centre at C-2 and 
that is why two anomeric D-(—)-fructose are possible. 


'CH,OH 

i 
CH,OH 4C=0 OH 
S_yo =| HO—*++—-H S__y 
HZ oH ~ 4H‘! OH ~~  _ OH 
a 5 OH H *+— OH e[ OH 

O—CH, CH,OH O—CH, 

B-D-(—)-Fructopyranose Open-chain a-D-(—)-Fructopyranose 


mp. 108°C; [a]p = —133° form of D-fructose 
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Mutarotation of fructose 


The only crystalline form of fructose that is isolated is B-D-fructopyranose, which has 
an initial specific rotation of —133.5° and undergoes rapid mutarotation to —92°. This 
mutarotation involves not only isomerization between the a and $-pyranose forms, but 
also conversion to the furanose forms. The fructofuranose structure is important because 
furanose is present in sucrose and other oligosaccharides in that form. 


1 
CH,OH 
HO. / 0 
Mf 2 1 H,O 
H~ \é__3,/°CH,OH 


\ 
SS 


y 
Wn, 


o”\ 
H OH 


B-D-Fructopyranose (one conformation of 2-D-Fructopyranose 
(70%) the open-chain form (2%) 
of fructose) 


nol 


H.., 5 /Ou O 
ma 2 II 


1. 
HOH,C~ \6__3/ C~CHLOH 
HO: ; 


gant | \" H 


H OH 


° & 
Ss (another conformation <9) 
) 


of the open-chain form of fructose) 


6 O 1 
HOH,C CH,OH 


HO/OH 
HO H OH HH 
B-D-Fructofuranose a-D-Fructofuranose 
(23%) (2%) 


Conversion of the Fischer projection of o-D-(-)-fructopyranose and [-D-(-)-fructopyranose 
into their chair conformations through Haworth projection Since D-fructopyranoses are 
laevorotatory, the oxide ring is Fischer projections is drawn to the left. 
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1 
CH,OH 


H 2 : 
Anomeric 
OH OH carbon 


Fischer projection Haworth projection Chair conformation 


It is the a-anomer because the hemiacetal 
—OH and the —OH at the reference carbon 
(i.e., C-5) are on the same side in the 
Fischer projection 


(ii) $-D-(-)-Fructopyranose: 


anomeric 
carbon 


OH 


CH,OH 


Fischer projection Haworth projection Chair conformation 


It is the B-anomer because the hemiacetal 
—OH and the —OH at the reference carbon 
(i.e., C-5) are on different sides in the 
Fischer projection 


B-D-(—)-Fructopyranose is relatively more stable than the o-anomer. This is because in the 
former two less bulky —OH groups (C-2 and C-5) are attached to axial bonds, whereas in 
the latter a less bulky -OH group along with a more bulky —CH,OH group are attached 
to axial bonds. 


Determination of ring size 


The presence of pyranose ring structure of D-(—)-fructose has been confirmed from the 
following degradation studies when D-arabinotrimethoxyglutaric acid has been isolated. 
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1 
|__CH,OH 
(CH3)25O4 


H 
OH NaOH 


B-D-(—)-Fructopyranose Methyl 6-D-fructopyranoside Methyl 1, 3, 4, 5-tetra- 
O-methyl-f-D-fructoside 


hydrol. jan HCl 


3, 4, 5-Tri-O-methyl- 2,3,4-Tri-O-methyl-$-D- 1, 3, 4, 5-Tetra-O-methyl 
D-arabinolactone fructuronic acid B-D-fructose 
[O] |dil. HNO, 
COOH 
CH,0 ——_H 

H—,— OCH; 

H—,—OCHs; 
COOH 

D-Arabinotrimethoxyglutaric 
acid 


The pyranose structure has been confirmed by X-ray analysis of crystalline B-D-(—)- 
fructopyranose. 


[ti (‘(CW™;CO™!TVVVLLCLULULUWYL:©6©GSGOLVEDPROBLEMS..hU[C—~—‘“‘(CSSCOC(#SN’YNN’N’CYYTCCWWOLL 
1. Write down the name of the simplest known keto sugar and mention the 
stereochemical point of its difference from the simplest known aldosugar. 
Solution Dihydroxyacetone (HOCH,COCH,OH) is the simplest known ketosugar. It has 


* 
no chirality centre, whereas the simplest known aldosugar glyceraldehyde (OHCCHO- 
HCH,OH) has one chirality centre and it exists as two enantiomeric forms. 
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2. Define the term epimer and illustrate with an example. 


Solution Diastereoisomers that differ in configuration at only one chirality centre are 


called epimers. D-glucose and D-mannose are C-2 epimers because they differ in configu- 
ration only at C-2. 


1CHO 1CHO 
H——0H HO—}+—H 
HO—*}—_H HO—+—_-H 
H—*—_0H H—*—_0H 
H—}—0H H—}—0H 
6CH,OH 6CH,OH 
D-Glucose D-Mannose 


1 


C-2 epimers 


3. Write down the names and Fischer projection of (i) C-3 epimer of 


D-fructose, (ii) C-4 epimer of L-allose, (iii) C-5-epimer of L-altose, and 
(iv) C-3 epimer of D-talose. 


Solution 
(i) CH,OH CH,OH (ii) CHO CHO 
C=O C=O HO——_+—_H HO——+—_H 
HoO—!_-H H—3| oH HO 7H HO 7H 
Ne a. a 
CH,OH CH,OH 2 2 
D-Fructose a ee: yo 
N : 
C-3 epimers C-4 epimers 
(iii) CHO CHO (iv) CHO CHO 
H—+—-OH H—+——_-OH HO————-H HO t+—— H. 
HO———H HO———H HO" ‘4 H—! _ oH 
HO—;—_H HO—7—H HO—_—H HO—+—H 
HO——;—H H——;—_ 0H H——OH H—+—OH 
CH,OH CH,OH CH,OH CH,OH 
L-Altrose D-Galactose D-Talose D-Idose 
i 


C-3 epimers 
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4, What do you mean by deoxy sugars? Give an example. 


Solution In some naturally occurring sugars, there is a hydrogen atom in place of one or 
more of the —-OH groups. These are called deoxy sugars. For example: 


1CHO 
H——__- 
H—2t—_ 0H 
H—*+— 0H 
CH,OH 


2-Dexy—D-ribose 


5. B-D-Glucopyranose undergoes oxidation by bromine-water 250 times as 
fast as that of a-D-glucopyranose. Explain. 


Solution The mechanism of bromine-water oxidation of a D-glucopyranose involves for- 
mation of an alkyl hypobromite followed by loss of HBr. The C—H and O—Br bonds are 
antiparallel to each other. This is in agreement with the stereoelectronic requirement of 
an E2 reaction. The B-anomer can achieve this stereochemistry easily. Also, the elimina- 
tion of a proton from the axial position is more favourable than an equatorial position. 
So, it undergoes ready oxidation by bromine-water. In the a-anomer, on the other hand, 
the axial hydrogens at C-3 and C-5 hinder an anti-periplanar arrangement of the C—H 
and C—Br bonds and in fact, it takes up a stable syn-periplanar conformation from which 
elimination of HBr, i.e., dehydrobromination, does not take place. The very slow rate of 
the oxidation of the a-anomer is due to its conversion into the B-anomer (through the open- 
chain form) followed by its oxidation. 


H 
CH,OH_O. Br‘Br CH,OH_O 
HO H Br/H,o HO (Br _pre HO H 
H j: 6 —H,0° H 
HO OH cen 7 HO OH O 
H oe H OH 
= H,0: H Ke H 
B-D-Glucopyranose An alkyl hypobromite B-D-Glucono-6- 
(anti-periplanar arrangement: lactone 
{ suitable for E2) 
Open-chain form 
H 
CH,OH CH,0H_O Haas 
HO Br,/H,0 HO H rotation 
= H — 
H H 
Rn HO OH 
H CO:“Br—Br H oS 
se r 
HO: 
a-D-Glucopyranose (syn-periplanar arrangement: (anti-periplanar arrangement: 
not suitable for E2) suitable for E2 but sterically 


unfavourable) 
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6. Bromine water is a better reagent than Tollens’ reagent for the oxidation 
of aldoses to aldonic acids—why? 


Solution Tollens reagent is strongly basic and for this, it promotes epimerization and 
enediol rearrangement of the aldose. However, bromine-water being acidic does not cause 
epimerization or rearrangment of the aldose. For this reason, bromine-water is a better 
reagent than Tollens’ reagent for the oxidation of aldoses to aldonic acids. 

7. Identify the aldohexoses A—F: 


CH,OH 
H————-OH 
G) A NapH,. HO-————H NaBH, B 
H———_ OH 
H—,W\ 0H 
CH,OH 
An alditol 
CH,OH 
H—— 0H 
Gi) C NaBH, HO————H NaBH, D 
HO——_——_H 
H————-OH 
CH,OH 
An alditol 
CH,OH 
HO——_——_H 
Gi) E NaBH, HO——+~——H NaBHi 4 
HO——_——H 
H———_OH 
CH,OH 


An alditol 


Carbohydrates 


Solution 


(i) L-gulose and D-glucose can be reduced by NaBH, to give the same alditol. Therefore, 
(A) is L-gulose and (B) is D-glucose. 


CHO 
HO—_——_H 
HO————H 

H—,W—0OH 
HO——_—_—-H 
CH,OH 
L-Gulose 
(A) 


CH,OH 
H—~——OH 
HO————H 
H—,W 0H 
H—W— OH 
CHO 
L-Gulose 


NaBH, 
— 


(drawn upside down) 


CH,OH 
H—,W OH 
HO————H 
H—,W OH 
H—~—-OH 
CH,OH 
An alditol 


CHO 
H—_—— OH 
HO————H 
H—,W OH 
H—W— OH 
CH,OH 
D-Glucose 
(B) 


(ii) L-galactose and D-galactose (two enantiomers) can be reduced by NaBH, to yield 
the same alditol. Therefore, (c) is L-galactose and (D) is D-galactose. 


CHO 
HO——\—_H 
H—W OH 
H———OH 
HO—_——_H 
CH,OH 
L-Galactose 
(C) 


CH,OH 
H—+—0H 
HO—+—H 
HO—+—H 
H—+—oH 
CHO 


L-Galactose 


NaBH, 
—— >> 


(drawn upside down) 


CH,OH 
H—~—-OH 
HO————_H 
HO——_—_—-H 
H—W OH 
CH,OH 
An alditol 


CHO 
H—~—-OH 
HO————H 
HO——_——-H 
H——— 0H 
CH,OH 
D-Galactose 
(D) 


(ii) D-Altrose and D-talose on sodium borohydride reduction produce the same alditol. 
Therefore, (E) is D-altrose and (F) is D-talose. 


CHO 
HO———-H 
H———- OH 
H OH 
H—~——-OH 
CH,OH 
D-Altrose 
(E) 


CH,OH 
HO————-H 
HO————_-H 
HO H 

H—,- OH 

CHO 

D-Altrose 


NaBH, 
—_> 


(drawn upside down) 


CH,OH 
HO——,—-H 
HO——_,—_H 
HO—_——-H 

H—~——OH 

CH,OH 

An alditol 


NaBH, 
<< 


CHO 
HO——_,——-H 
HO——_,—_-H 
HO—_——-H 

H—~——OH 

CH,OH 

D-Talose 
(F) 


8. Identify the ketohexose which on NaBH, reduction produces two epimeric 
alditols, one of which may also be obtained on NaBH, reduction of: (a) 
L-talose (b) D-mannose and (c) L-altrose. 
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Solution 


(a) L-Tagatose can be reduced to give two alditols one of which may also be obtained 


on reduction of L-talose. 


CH,0OH CH,OH CH,OH 
C=O H OH HO——_—_—_H 
H—|—_on H OH H—~—0OH 
H—| oH NaBH, H OH + H—~—— OH 
= 7a = > HO H HO— WH 
CH,OH a oo 
L-Tagatose INN 
Identical alditol 
CHO CH,OH 
H—+—0H H———— OH 
H—~—— OH —,— 0H 
H—+—oH 2; H—1—0H 
HO——_—__-H HO————H 
CH,OH CH,OH 
L-Talose I 


(b) D-Fructose can be reduced to two alditols, one of which may also be obtained on 


reduction of D-mannose. 


CH,OH 
C=O H 
HO—+— HO 
NaBH, 
H——— OH > #H 
H————-OH H 
CH,OH 
D-Fructose 
CHO 
HO H 
HO—+—_-} NaBH, 
H————-OH 
H————-OH 
CH,OH 
D-Mannose 


CH,OH CH,OH 
OH HO——_——H 
H if HO——_——_H 
OH H—_——OH 
OH H——— 0H 
CH,OH CH,OH 
I A IV 
Identical alditol 
CH,OH 
HO————H 
HO————H 
H——— OH 
H—W— OH 
CH,OH 
IV 


Carbohydrates 


(c) L-Psicose can be reducd with NaBH, to give two alditols, one of which can be 
obtained on reduction of L-altrose. 


CH,0OH CH,OH CH,OH 
C=O H————-OH HO H 
HO-—|—_-# HO————-H Fs HO H 
HO—1—H NaBH, . HO————H HO H 
HO————H HO———_H HO H 
CH,OH CH,OH CH,OH 
D-Psicose V N VI 
Identical alditol 
CHO CH,OH 
H—+——_-OH H—+——-0OH 
HO————H NaBH, > HO——\—H 
HO————-H HO——,——-H 
HO————-H HO——,——-H 
CH,OH CH,OH 
L-Altrose V 


9. How would you distinguish between L-(+)-erythrose and L-(+)-threose by 
the polarimetric analysis of their NaBH, reduction products? 
Solution The reduction product of L-(+)-threose is chiral, whereas the reduction product 
of L-(+)-erythrose in achiral (it has a plane of symmetry). Therefore, the aldotetrose whose 
reduction product is found to be optically active by polarimetric analysis is L-(+)-threose 
and the aldotetrose whose reduction product is found to be optically inactive is L-(+)- 
erythrose. 


CHO CH,OH 
H——OH NaBH, H——OH 
HO—+—H HO——H 
CH,OH CH,OH 
L-(+)-Threose An alditol 
(optically active) 
CHO CH,OH 
HO——H _NaBH, , JOT as Plane of symmetry (o) 
HO—+—H HO—+—H . a 
CH,OH CH,OH 
L-(+)-Erythrose An alditol 


(optically inactive) 
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10. Which two D-aldohexoses on HNO, oxidation produce meso aldaric acids? 


Solution D-Allose and D-galactose are the two D-aldohexoses which on HNO, oxidation 
produce meso aldaric acids because in both of them C-2 has mirror image relationship 
with C-5 and C-3 has mirror image relationship with C-4. 


CHO COOH CHO COOH 
H—-— OH H—— OH H OH H——OH i 
| = el eee ane 
H OH Ne, A OH JPlane of |; HO FL NO, Pat of symm- 
H—-—OH H—+— OH symmetry} HO H HO—— etry 
H—-—OH H——OH H OH H—— 
CH,OH COOH CH,OH COOH 
D-Allose D-Allaric acid D-Galactose D-Galactaric acid 
(a meso compound) (a meso compound) 


11. Predict the optical activity of 1:1 mixture of the aldaric acids obtained on 
HNO, oxidation of D-gulose and D-glucose. 


Solution The aldaric acids obtained from D-gulose and D-glucose are, in fact, enantio- 
mers of each other. Therefore, when those two aldaric acids are mixed in 1:1 molar ratio, 
a mixture is obtained which is optically inactive. 


--Enantiomers — 
Mirror 
v plane v 
CHO COOH | COOH 
H—t— 0H H—— on. HOo——4 
H—;—OH uno; H—}—OH | HO—}—H 
HO—+—-H © *HO-+-H |: H—+—OH 
H—— 0H H—+—0H | HO—+—H 
CH,OH COOH | COOH 
D-Gulose D-Gularic {} 180° votation inthe 
acid plane of the paper 
COOH CHO 
H—+—_ 0H H—+— oH 
HO—+—H a HO—+—H 
H—+— oH H—+—_ oH 
H—1+— 0H H—1— 0H 
COOH CH,OH 


D-Glucaric acid D-Glucose 
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12. Draw the Fischer projections for the five pairs of enantiomeric or 
diasterisomeric aldohexoses that on HNO, oxidation produce identical 
aldaric acids. 

Solution 


(i) D-Allose and L-allose on oxidation produce the same aldaric acid. 


—180° in plane— 


rotation v 
CHO COOH COOH CHO 
H—— OH H——\ OH HO——\—H HO——H 
H——OH uno,,. H—7—OH | HO—+—H (HnNo, HO——H 
H—+—OH_ [0] H—+—OH~ 3HO-—+—H~ (| HO——H 
H—— OH H—-— OH HO——H HO——H 
CH,OH COOH COOH CH,OH 
D-Allose D-Allaric acid L-Allaric acid L-Allose 
(ii) D-Altrose and D-talose on oxidation produce the identical aldaric acid. 
__ 180° in plane _ 
rotation iF 
CHO COOH COOH CHO 
HO——H HO——H HO——H HO——H 
H——\OH uno,. H—7—-OH |_| HO—+—H Hno, HO—+—H 
H—!_OH 10 > H—+_OH = HO—1-H S10) «-HO—1_-H 
H—;— OH H—;— OH H—— OH H—;— OH 
CH,OH COOH COOH CH,OH 
D-Altrose D-Altaric D-Talaric D-Talose 
acid acid 


(ii) D-Glucose and D-gulose on oxidation produce the same aldaric acid. 


180° in plane _ 


rotation 
Vv 
CHO COOH COOH CHO 

H——OH H——OH HO——H HO——H 

HO——H~ _ uno,. HO—7—H _ HO——H HNO, HO——H 
H—+—OH (I H——-OH H—+—oOH ~ H—— OH 

H—;— OH H—— OH HO——H HO——H 
CH,OH COOH COOH CH,OH 

D-Glucose D-Glucaric D-Gularic L-Gulose 


acid acid 
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(iv) D-Galactose and L-galactose undergo HNO, oxidation to yield the identical aldaric 


acid. 
180° in plane _ 
| rotation y 
CHO COOH COOH CHO 
H—— OH H——OH HO——H HO——H 
HO——H_ uno, HO——H _ H——OH (HnNo, H—7—OH 
HO——H [O] HO——H = H—t+— OH * (0) H—— OH 
H—;— OH H—;— OH HO——H HO——H 
CH,OH COOH COOH CH,OH 
D-Galactose D-Galactaric L-Galactaric L-Galactose 
acid acid 


(v) L-Altrose and L-talose on HNO; oxidation produce the same aldaric acid. 


CHO 
H—-— OH 
HO——H _ HNo, 
HO——H [O] 
HO——H 
CH,OH 
L-Altrose 


180° in plane __ 
[rotation Vv 
COOH COOH 
H—— OH H—-— OH 
HO—,—H _ H——\OH _HNo, 
HO——H = H—— OH 
HO——H HO——H 
COOH COOH 
D-Altraric L-Talaric 
acid acid 


CHO 
H—+— OH 
H—;— OH 
H—— OH 

HO——H 

CH,OH 

L-Talose 


13. Write Fischer projections for all of the L-aldohexoses that would yield 
optically inactive alditols. 
Solution L-Allose and L-galactose undergo NaBH, reduction to give optically inactive 
alditols. 


CHO CH,OH 
Ho—1—H Ho—+_H 
(oe _NaBH, Homa ----- < Plane of symmetry 
HO——H HO—+—H 
L-Allose L-Allitol 
(optically inactive) 
CHO CH,OH 
Ho—1—H HO—}—H 
H—-—OH _NaBH, H—— OH 
H—+— OH ag: aa Ses Plane of symmetry 
HO—/—H HO—}—H 
CH,0OH CH,OH 


L-Galactitol 
(optically inactive) 


L-Galactose 


che eee aah 

14. Predict the products expected to be formed when each of the following 

compounds undergo complete oxidative cleavage on treatment with 

periodic acid (HIO,). Mention the amount of HIO, (in molar equivalent) 
consumed in each case. 

(a) 2,3-Hexanediol (b) 1,2,3-Pentanetriol (c) C,H;COCH(OH)COCH, (d) 

CH,CH,CHOHCOCH,OH (e) HOCH,CHOHCH(OMe), (f) cis-1,2-cyclo- 


butanediol (g) 2,3,4-Trihydroxybutanal (h) < _>—CH,COCHO 
Solution The products expected to be obtained from periodic acid oxidation can be pre- 


dicted by attaching first one OH group on each carbon atom at the point where C—C bond 
cleavage is expected to take place. 


= ea, —C—OH 

ee —To. 7 ~ #42xOH gem-diols 
7 a OH OH (hypothetical) 
A vic-diol —C—OH 


Now, if we recall that gem-diols being unstable lose water to form carbonyl compounds, we 
get the following results: 


EZ | 
cYO-H —#®, —c=0 
‘OH Carbonyl 
OH compounds 
C“o-n => C=0 
7 


We can then apply this procedure to get the expected products of HIO, oxidation of the 
given compounds. We must not forget that every C—C bond cleavage requires 1 mole of 
HIO,. 


CH,CH,CH; CH,CH,CH; 
(a) H-C—OH Hic, é .07-H —#°> CH,CH,CH,CHO 
sa —7 on Butanal 

CH, ou 
2,3-Hexanediol Bao. os CH,CHO 
a Acetaldehyde 
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i i an 

(b) H—C—OH H-CYO-H 22> H-Cc=0 
oe 2 HO, OH Formaldehyde 
eis = + 

eo OH oH 
CH,CH; H-Cc“O-H > wc=0 ?- 
1, 2, 3-Pentanetriol {OH Formic acid 
+ 
OH H 
: 4,0 L 
H ¢ <O7-H > CH,CH,—C=O 
CH,CH; Propanal _) 
CH,CH, ) 
C=O = CH,CH,COOH 
CH.CHs OH Propanoic acid 
+ 
_ C=0 oH 
© yoco-on 28%, nw -o+0O-H > HCOOH > 
eed é —O ~~ OH Formic acid 
| + 
CHg OH 
C=O =  CH,;COOH 
CH, Acetic acid 
CH,CH; , 
H—-C07-H —“°> CH,CH,CHO 
Propanal 
CH,CH, OH 
+ 
H—C—OH 
see — : 

(d) c=o Hm, —— #0, O=C=0O 7 
anemee eran HO” Carbon dioxide 
H—¢—0H “ 

H ag 
H—C-~O--H —2°> HCHO 
| Formaldehyde 


H 7 


Carbohydrates 
e 


(f) 


(g) 


H 
ii H-C“OUH —2"> HCHO 
oe OH Formaldehyde 
H-C—OH —H%>5 + 
| OH 
H—C—OMe 0 
H—-C-“O-H — "> (MeO),CHCHO 
Dimethoxyethanal 


CHO 
-2H,O 
Be 
CHO 


Butanedial 
> 
HCOOH 
OH Formic acid 
HY 0 + 
eee Eeeue (OH 
H—C—OH 
cue Ley OS. Boo es. “HCOOH 
H—C—OH Formic acid 
aaa passes: OH 
H—C—OH + \ 
| (OH 
H -H,0 
H—CO-H — => HCOOH 
Formic acid 
OH 
+ 
7OH 
H-CO-H > HCHO 
Formaldehyde 
H J 
% 
H 
“GF” OH _ HCOOH 
a ee HIO, OH ~~ Formic acid ‘ 
| = 
CH, C=O 
CH, = < _>-CH,COOH 
CJ Cyclohexylacetic acid 


7 
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(a) Explain why the oxidative cleavage of the 1,2-bond in a-D- 
glucopyranose by HIO, occurs more rapidly than the f-anomer. 

(b) Periodic acid rather than lead tetracetate is used for oxidative 
cleavage of carbohydrates—Why? 

(c) Would you expect a-D-mannopyranose to undergo periodic acid 
oxidation at a faster rate than [£-D-glucopyranose? Give your 
reasoning. 

(d) Show how HIO, could be used to distinguish between an aldohexose 
and a ketohexose. 


Solution 


(a) 


(b) 


(c) 


In a-D-glucopyranose, the two —OH groups at C-1 and C-2 are cis to each other, 
whereas in B-D-glucopyranose they are trans to each other. Since a cis-1,2-diol can 
form a cyclic ester with HIO, but a trans-1,2-diol cannot, the a-anomer undergoes 
HIO, oxidation but the B-anomer does not. In fact, the f-anomer becomes converted 
into the c-anomer through the open-chain form and then the a-anomer takes part 
in oxidation. For this, the oxidation of the B-anomer occurs relatively slowly. 


a,e : cis e,e : trans 
D-Glucopyranose D-Glucopyranose 

(a-anomer) (B-anomer) 
Periodic acid (HIO,) works well in aqueous medium, whereas lead tetracetate 
[Pb(OAc),] gives very good results in organic solvents. Since most simple sugars 
are highly soluble in water (due to formation of extensive H-bonding), periodic acid 
rather than lead tetracetate is used for their oxidative cleavage. 
a-D-Mannopyranose is expected to undergo HIO, oxidation at a faster rate than 
B-D-glucopyranose. 
In the more stable chair conformation of o-D-mannopyranose, the —-OH groups at 
C-2 and C-3 are cis to each other, whereas in the more stable chair form of B-D- 
gluco-pyranose, no two adjacent —OH groups are cis to each other. 


H 
CH,OH 
HO 
HO H OH 
OH 
EH OH H H 
a-D-Mannopyranose B-D-Glucopyranose 


(C-2 and C-3 —OH groups are cis) (no two —OH groups are cis) 


Pe el) das a ree rT eee eee ene ee ON ETETE IEEE TONE nT PPRCE enTTeT Tee OmTe Seen Ee hick 
Since a cis 1,2-diol can form a cyclic ester with HIO,, a-D-mannopyranose 
undergoes oxidative cleavage of the C-2—C-3 bond readily. B-D-Glucopyranose, on 
the other hand, becomes converted to the a-anomer through the open-chain form. 
In the w-anomer, the —-OH groups at C-1 and C-2 are cis to each other and so it then 
undergoes oxidative cleavage by HIO,. Because of following this indirect pathway, 
the oxidation of 6-D-glucopyranose is rather slow. 

(d) Although oxidative cleavage of an aldohexose and a ketohexose would each require 
five moles of HIO,, the results of this oxidation are different. An aldohexose yields 
five moles of formic acid and one mole of formaldehyde, whereas a ketohexose 
yields three moles of formic acid, two moles of formaldehyde and one mole of CO.. 


‘CHO HCO,H CH,OH HCHO 
CHOH HCO. ~@ G0, 
CHOH sao,  HCOH -‘CHOH suo, HCO,H 
‘CHOH HCO,H 7 CHOH HCO.H 
CHOH HCO,H - CHOH HCO,H 
-°CH,OH HCHO CH,OH HCHO 

An aldohexose A ketohexose 


Therefore, an aldohexose and a ketohexose can be distinguished by measuring 
the formic acid and formaldehyde formed or simply by identifying gaseous carbon 
dioxide (which produces a white precipitate of CaCO, when passed through lime 


water). 
16. (a) Identify (A) and (B) and indicate how they are related to each other. 

CH,OH 

H—,— OH 

1. CgH;CHO/warm 

H——_OH = Pb(OAc), se eB) 

H—+— OH _ 3.H,0® 
CH,OH 

An alditol 


(b) Give the mechanism for the lead tetracetate oxidation of a diol. 


Solution It is known that benzaldehyde condenses with cis-1,3-diols, lead tetracetate oxi- 
dizes 1,2-diols and O-benzyledene derivatives can be readily hydrolyzed by acids. Thus, 
benzaldehyde reacts with the starting alditol to form two diastereoisomeric benzylidine 
derivatives. One of them leads to the formation of D-erythrose and the other leads to the 
formation of L-erythrose when treated with lead tetracetate followed by hydrolysis. 


Organic Chemistry: A Modern Approach 
Seosen ibaeasiatubdlsetieseah ion bAbadns depudeesahd vba aaubiitnsseaGrad ah alisdt aausliea Sodabaasle bathed ais untesaubdhsadagtohadsete etes¥aasee hes wec mocteetaaksaaane ss aot settessaraa taneoae e 


CH,0H 
H—~—— OH 
H—,— OH 
H——_ OH 
CH,0H 
CH,0 C,H;CHO/warm a _ CH,OH 
H—,— OH _>CHCgHs; < > H—,— OH 
H—— —C— 
| leone 02 H——_ cH 
CH,0H CH,O 
Pb(Ac)4 [Psone, 
Vv 
CH,0 CHO 
CHO CH,0 
H,0°® [p10 
Vv 
CH,OH CHO 
H——_ OH 4 C.H,CHO CH.cHos 27 OF 
H—+— OH —— OH 
CHO CH,OH 
L-Erythrose D-Erythrose 
(A) (B) 


(A) and (B) are two enantiomers. 


(b) The mechanistic steps involved in lead tetracetate oxidation of a vic-dial may be 
outlined as follows: 


Cyclic pathway 
b—¢ o—¢ exe z 
 ] ee r Zo. Ky =a C=O + Pb(OAc), 
:OH :OH Si 8) 9 
iW bH(OAds if Lead acetate 
Pb(OAc)s C y™, 
AcO Ose —— 
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eee II 
OH OH ACH 6 Ys Ody ACH, 250=0 + PbOAc), 
© IV Pb(OAc), ee ee ae 
Pb(OAc); e ead acetate 
Aco” OAc 
17. How would you convert D-glucose into glucuronic acid? 
CHO CHO 
H OH H OH 
HO—+—H HO—+—H 
> 
H—-—\ OH H—,—- OH 
H—— OH H—- OH 
CH,OH COOH 
D-Glucose Glucuronic acid 


Solution This transformation may be carried out by oxidising selectively the —CH,OH 
group and a general method for this oxidation involves protection of the aldehyde group, 
usually as the isopropylidine derivative. Acetone protects two cis-hydroxyl groups on adja- 
cent carbons. In B-D-glucopyranose all the adjacent -OH groups are trans. Hence, to form 
the di-isopropylidene derivative, the ring changes size (from pyranose to furanose). 


HO—_—H (on ) H——0 
Me,C =O >cMe, 
H——_ OH H—~——-OH O —Fa H——O O 
HO—| Oo = HO—1—H (acetal formation) HO——F 2 
H—+— 0H H— H 
H— H—+— 0H H——_o0 
>cMe, 
CH,OH CH,OH CH,—O 
B-D-Glucopyranose a-D-Glucofuranose Hy cols AcOH 
CHO 
H—1}— 0H Hi —=0 H O 
HCVH,0 >cMe, O,/Pt—C =— 
HO H * (hydrolysis) H O $ (oxidation) H O O 
H——— OH HO—~——-H HO——\—_H 
H—1— 0H EL oy 
H—+— 0H H-—;— OH 
COOH 


Glucuronic acid COOH CH,OH 
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Me,C=O 
HCl 
or H,SO, 
(controlled 
(omil sn 
CHO 
H—+— OH 
HO—+—H Hcl O, 
.— a OH H,O Pt—C 
H—- OH 
COOH Me 


Me 


18. How would you carry out selective methylation of C-3 -OH group of 
D-(+)-glucose? Explain why selective methylation of C-3 -OH group of 
D-galactose cannot be carried out. 


Solution Selective methylation of C-3 —-OH group of D-(+)-glucose may be carried out by 


forming di-isopropylidene (or acetone) derivative followed by methylation and hydrolysis 
with hydrochloric acid. 


HO H H——— OH H——_O 
Me,CO >CMes 
H OH H—,—OH O Ho? |OUH O O 
Oo = 
HO H HO—|+—H HO—|—H ) 
H OH H— H 
H H—,—- OH H—+—O 
>CMes 
CH,OH CH,OH CH,—O 
B-D-Glucopyranose a-D-Glucofuranose 


NaOH 
20 ain 
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a H—j— 0H H O 

= mal HCl >cMe, 
H—— OH H—7—OH, <q = o O 

MeO —! 7 O == MeO—+—H (hydrolysis) ){eO—+— | ) 
H—+— OH | H 
H— H—— OH H—+———_ Ov 

joes 
CH,OH CH,OH CHz—O 

3-O-Methyl-f- 


D-glucopyranose 


This may also be shown as follows: 


H 
CH,OHG 
HO 
HO B 
OH 
H 
B-D-Glucopyranose a-D-Glucofuranose 
Me,SO,/NaOH 
(methylation) 


HCl 


3-O-Methyl-f-D-glucopyranose 
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D-Galactose reacts with acetone in the presence of acid to form the di-isoprophylidene 
galactose through the relatively less stable a-anomer because there are two pairs of cis 
vicinal -OH groups (at C-1 and C-2 and at C-3 and C-4). 


6 
Me,c=o Me CH20H_Q 
HCI or 
H,SO, Me 


Ho << 
Me Me 


1,2 : 3,4-Di-O-isopropylidene- 
a-D-Galactopyranose 


a-D-Galactopyranose 


Since the C-3 —OH in di-isopropylidene derivative is not free, methylation of C-3 —OH of 
D-galactose is not possible. 

19. Explain why glucose, mannose, gulose, and idose can be converted to 
the corresponding 3-ketones via their di-isopropylidene derivatives, 
whereas allose altrose, galactose, and talose cannot be converted to the 
corresponding 3-ketones by the similar process. 


Solution The C-3 of an aldohexose can be oxidized by protecting all other —CHOH-— 
groups and this can be done by acetone which forms isopropylidene derivative with cis- 
1,2-diols. Furthermore, because formation of the di-isopropylidene derivative is so highly 
favoured, this is the usual product obtained when a sugar is allowed to react with acetone 
in the presence of acid. Also, in order to form this di-isopropylidene derivative, the ring 
will, if required, change from pyranose to furanose. All of the eight diastereoisomeric 
D-aldohexoses can form 1,2-derivative, since the a- or B-anomeric —OH group will be cis 
with respect to the -OH group on C-2. If the -OH groups on C-3 and C-4 are cis, then these 
form the 3,4-isopropylidene derivative. Since in this case the C-3 —OH group is protected, 
oxidation to the 3-ketone is not possible. If, however, these two —-OH groups are trans, the 
5,6-isopropylidene derivative is formed by changing the ring from pyranose to furanose. 
It has the C-3 —OH group free and it can then be oxidized to the corresponding 3-ketone. 
The —OH groups on C-3 and C-4 are trans in glucose, mannose, gulcose, and idose, wheras 
they are cis in allose, altrose, galactose, and talose. Therefore, only glucose, mannose, gu- 
lose, and idose can be oxidized to the corresponding 3-ketones via their di-isopropylidene 
derivatives. 
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1 
CHOH CH—O 
cis Merz 
CHOH 2CH—O 
O Me,C=O O 
CHOH HCl or H)SO,” 3CH—O, 
cis Men 
CHOH 4CH—O 
cH—7 “CH 
CH,OH CH,OH 
(Pyranose form (C-3 is blocked and so, its 
of allose, altrose, gulose, oxidation is not possible) 
and idose) 


This can be shown by the chair conformation of D-allopyranose as follows: 


Me,C=O 


B-D-Allopyranose B-D-Allopyranose 
; {i CH—O Me CHO Me 
cis 
CHOH CH—O x Me CH—O Me 
QO _Mec=0. O RuO, = 
: {i HCl or H,SO, CHOH [Ol * aed 
rans CHOH CH CH 
cH__7 CH—O, Me CH—O — 
M 
CH,OH CH—O Me CH, —O € 
(Pyranose form Hydrolysis) HCl/H,O 
of glucose, mannose, 
galactose, and talose) CHO ( CHOH 
CHOH A CHOH 
=f. oe 
CHOH CH 
CHOH CHOH 


CH,OH CH,OH 
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B-D-Glucopyranose a-D-Glucofuranose 
H 
COEF 0 HCl 
<0 
H (hydrolysis) 
OH 
O 
‘) 
CHO 
H—~—-0OH 
C=O 
H—~—-0OH 
H—~——0OH 
CH,OH 


[It is to be noted that mild oxidising agents like DMSO/DCC, DMSO/Ac,0, or DMSO/ 
P,O,,) can also be used instead of ruthenium tetroxide (Ru,O,).] 
20. How would you carry out the following transformations? 


(a) 1CHO 1CHO 
H—2!~_ oH H——0OH 
HO—4}—H —angguration ts). H—}—oH 
Cs er ge | H—+0H 
H——_ oH H—}—-0H 
‘CH,OH ‘CH,OH 


D-Glucose D-Allose 
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(b) MeO—_+—-H CHO 
H—+—oH H—+—OCH, 
HO——"_—-H ——> CH,0—+—H 
H—~——OH H—-——OCH3 
H— H————0H 
CH,OH CH,OH 
Methyl B-D-glucopyranoside 2,3,4-Tri-O-methyl-D-glucose 
() ied 
H—,}—\0H CHO 
HO——,—_—_H H———-H 
H—+—OH —” H—+—OH 
H————OH H——,——-OH 
CH,OH CH,OH 
D-Glucose 2-Deoxy-D-ribose 
Solution 


(a) This transformation may be carried out by forming the di-isopropylidene derivative 
of the sugar followed by oxidation and subsequent reduction involving approach of 
the reducing agent through the less hindered face of the carbonyl group. 


CHO 
H—~——0OH 
HO—+——_-H _. 
H—+—oH 
H——— OH 
CH,OH 
D-Glucose B-D-Glucopyranose 
Me Me 


Me Sc 


Hindered 
approach 
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CHO 
H H—— OH 
O H—~—— OH 
HO H 
oH = H OH 
H OH if H—+—0H 
OH CH,OH 
B-D-Allopyranose D-Allose 
(b) This transformation may be carried out as follows: 
H H \: 
CH,OH 9 cH.005 
HO Ph;CCl HO fi Me.SO, 
OMe Pyridine H OMe NaOH 
HO i: HO OH I 
H H 
Methyl £-D-glucopyranoside 
Vv 


CHO 


H—+— OCH; 
CH,0—*t_H 
H——OCH; 
H—5_OH 
°CH,OH 


2,3,4-Tri-O-methyl- 
B-D-glucopyranose 


The pyranoside is first treated with trityl chloride (Ph,CCl) in the presence of 
pyridine. Only the exocyclic and the least sterically hindered —CH,OH group 
undergoes etherification and becomes converted to the —CH,OCPh, group. 
The C-6 —OH group is thereby protected from further reaction. The remaining 
—OH groups are then methylated with Me.SO,/NaOH. The resulting compound is 
finally hydrolyzed by dilute acid when both the trityl and the glycosidic Me groups 
are removed leaving C-2, C-3 and C-4 —OMe groups intact. 
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wr H 
kA 
2Me,C=O HW H 
H HClorH.S0O; YO A 
O 
H O 
Meme 
B-D-Glucopyranose a-D-Glucofuranose 
caus 
H—OH 4 
OH? MsO——-——-H 
H,0 H—+—0H 
H————OH 
CH,OH 
7 ee HY, 0H 
| CHO 
H—C)— 0H _ CH 7 HW 
M 6\ 1 —MsQ: tautom. 
ee oe HCOOH? A OH Se! ai OH 
i H OH 
CH,OH 


2-Deoxy-D-ribose 
21. Identify the aldohexose and the ketohexose that form the same osazone as: 
(a) L-Arabinose’ (b) D-Altrose (c) L-Galactose (d) D-Idose 
Solution 
(a) L-ribose and L-ribulose form the same osazone as L-arabinose. 


CHO CH,OH CH=NNHPh CHO 
HO——-H C=O C=NNHPh H—— OH 
HO—K——F or HO | 3PhNHNH, Ho——F 3PhNHNH, AoO— i 

AcOH AcOH 
HO———_H HO——_——-H HO———-H HO————-H 
CH,OH CH,OH CH,OH CH,OH 


L-Ribose L-Ribulose Some osazone L-Arabinose 
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(b) D-Allose and D-psicose form the same osazone as D-altrose. 


CHO CH,OH CH=NNHPh CHO 
H—,— OH Cc=0 C=NNHPh HO—~—-H 
H—,— OH H—,— OH H—,— OH H—+— OH 

3PhNHNH, 3PhNHNH, 
H—,—OH or H OH oe H OH OH OH 
H—,— OH H—,— OH H—,— OH H—,— OH 
CH,OH CH,OH CH,OH CH,OH 
D-Allose D-Psicose Same Osazone D-Altrose 
(c) L-Talose and L-tagatose form the same osazone as L-galactose. 

CHO CH,OH CH=NNHPh CHO 
H—— 0H C=O C=NNHPh HO—~—_H 
H—,— 0H H—+— OH H—,—Y OH H—,— OH 

3PhNHNH, 3PhNHNH, 
H—+—OH or H OH aoe H OH ra OH 
HO—,—H HO—,—H HO—,—H HO—,—H 
CH,OH CH,OH CH,OH CH,OH 
L-Talose L-Tagatose Same Osazone L-Galactose 
(d) D-Gulose and D-sorbose form the same osazone as D-idose 

CHO ices CH=NNHPh CHO 
H—,— OH C=O C=NNHPh HO——H 
H—,— OH H OH H—,— OH H—,— OH 

3PhNHNH, 3PhNHNH, 
HO—~—-H_ or HO H Awa 7 HO H AGE HO H 
H—,— OH H OH H—,— OH H—,— OH 
CH,OH CH,OH CH,OH CH,OH 
D-Gulose D-Sorbose Same Osazone D-Idose 
22. How would you carry out the following transformations? 
CHO CHO CHO 
© yo ln HO—4|—H H—-4 on 
HO—+—-H —> H—+—OH + H——OH 
CH,OH HO——H HO——_H 
HO——H HO——H 
CH,OH CH,OH 


L-Erythrose 


L-Glucose-2-4C 


L-Mannose-2-!4C 
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(b) CHO De” 
H—— OH H——OH 
HO H > HO——H 
H—— OH H——OH 
H—— OH H——OH 
CH,OH CH,OH 
D-Glucose 1-Deuterio-D-glucose 
(c) CHO D279 
HO——H H——OH 
H——OH — > HO—;—H 
CH,OH H—— OH 
CH,OH 
D-Threose 1-Deuterio-D-xylose 
Solution 


(a) This conversion may be carried out by using two successive Kiliani—Fischer 
syntheses as shown below: 


CHO MCN MCN 
HO—,—H . . HO——_H H—— OH 
HO H LONK"ON 5 HO H + HO H aso 
CH,OH HO—,—H HO—,—H 
CH,OH CH,OH 
L-Erythrose L-Ribonitrile L-Arabinonitrile 
v 
14COOH 4COOH 
HO——H H—— 0H 
HO——H + HO——H 
HO—,—_H HO—,—H 


CH,OH CH,OH 
L-Ribonic L-Arabinonic 
u acid acid y 


v 
Diastereoisomeric aldonic acids 
(separated) 
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'4COOH ug MCHO 
H—— OH 0 H—— OH er H—— OH ee oe 
HO H —4_> | HO H 228, HO qH 
H,O (CO.) 3. H,SO 
HO—}—H 2 “ HO-+-H 4a 
5. Na-Hg, H,O 
CH,OH CH,OH CH,OH * (0, 
L-Arabinonic L-Arabinonic- L-Arabinose 
acid y-lactone 
Vv 
CHO CHO 
HO—4—_H H—4— 0H 
H——OH + H——OH 
HO——H HO——H 
HO——H HO——H 
CH,OH CH,OH 
L-Glucose-2-“C L-Mannose-2-!4C 
CHO 
(b) 
H—— OH Y OHLOH £Q : ” OHLOH £Q 
HO—+—-H -=~ HO ——~2—> HO 
OH “H,0 [01” 
H—— OH 
H—— 0H 
CH,OH 
D-Glucose B-D-Glucopyranose HO 
2 
Dx 420 CH,OH 
C HO HO COOH 
H—— OH 0 eT H—— OH 
HO—}-H  <A28P =5- HO—}—H 
H—— OH H\OH H H—— OH 
H—— 0H H—— OH 
CH,OH H OH CH,OH 


1-Deuterio-D-glucose 


D-Gluconic acid 


Carbohydrates 
e 


(c) CHO C=N 
HO H Gee O——_H 
H OH -xen? HO——H + 
CH,OH H—— OH 
CH,OH 
D-Threose D-Lyxonitrile 
(separated) 
D_ C 9 
H OH 1.0? 
3 
HO H (hydrolysis 
H OH of the imine) 
CH,OH 


1-Deuterio-D-xylose 


C=N 
H—+__0H 
HO——H 
H—1—0oH 
CH,OH 


D-Xylonitrile 


D,/Pd-BaSO, 
pH 4.5 
Vv 
l CD=ND 
H—1— OH 
HO—+—H 
H—+— OH 
CH,OH 


23. Explain why the Ruff degradation of D-xylose gives the same aldopentose 


(D-threose) as does D-lyxose. 


Solution In the Ruff degradation, C-2 of the aldose is converted to a—-CHO group and be- 
cause of this, two C-2 epimeric aldoses give the same lower aldose when subjected to Ruff 
degradation. Since D-xylose and D-lyxose are C-2 epimers, they give the same aldotetrose 


(D-threose). 


CHO 
=i 1. Br,/H,O 
HO H 2. Ca(OH). a \HO 
H—— OH Be H,0,/Fe2(SO4)3 H OH 
(Ruff 
CH,OH degradation) CH,0H 
D-Xylose D-Threose 


1. Br,/H,O aT aa 
<2 Ca(OH, ses 7 
3. H,0,/Fe,(SO,)3 i——On 
(Ruff 
degradation) CH,OH 
D-Lyxose 


24. Which two monosaccharide can be degraded by Ruff’s method to: 


(a) D-ribose? (b) D-glyceraldehyde? 
Solution 


(a) D-Altrose and D-allose (C-2 epimers) can be degraded by the Ruffs method to 


D-ribose. 
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1CHO CHO CHO 
HO——H H—+—0OH H—+— OH 
H=— OH (Ruff degradation) H——\OH | Rutt degradation) H=— OH 
H|—on a: eng Hon 
H—|— 0H CH,OH H—|— 0H 
°CH,OH °CH,OH 

D-Altrose D-Ribose D-Allose 


(b) D-Erythrose and D-threose (C-2 epimers) can be degraded by the Ruff’s method to 
D-glyceraldehyde. 


CHO CHO CHO 
H——OH off degradation) | Ruff degradation HO—— H 
H H 
H—+— oH . ls ie \ H—+— oH 
CH,OH CH,OH 
D-Erythrose D-Glyceraldehyde D-Threose 


25. How would you distinguish chemically between the two compounds in 
each pair? 
(a) L-Glucose and L-allose 
(b) D-Glucose and L-mannitol 
(c) D-Glucose and D-fructose 
(d) £-D-Glucopyranose and methyl £-D-glucopyranoside 
(e) Methyl a-D-glucopyranoside and 2,3,4,6-tetra-O-methyl-ca-D-gluco- 

pyranose 
(f) Methyl a-D-lyxofuranoside and 2-deoxy-c-D-lyxofuranoside 
Solution 


(a) L-Glucose on oxidation by nitric acid yields an optically active aldaric acid, whereras 
L-allose on similar oxidation yields an optically inactive aldaric acid. 


CHO COOH CHO COOH 
HO——H HO——H HO——H HO——H 
Loe a Ean Be ee Bt em, 
HO——H HO——H HO——H HO——H 

CH,OH COOH CH,OH COOH 

L-Glucose L-Glucaric acid L-Allose L-Allaric acid 
(optically active) (optically inactive) 


(b) Tollens’ reagent or Benedict’s reagent gives a positive test with D-glucose but does 
not react with L-mannitol. 


pL) daa cee eS Eee OTERO INET TeT OR ROR DERE TOTTOTSTIEY TEEN tT EE ae 

(c) D-Glucose undergoes oxidation by B,-H,O and the red-brown colour of the solution 
disappears. D-Fructose, on the other hand, does not undergo oxidation by bromine- 
water (as it does not isomerize to an aldohexose in this acidic reagent). 

(d) {£D-Glucopyranose gives a positive test with Tollens’ or Benedict’s reagent, while 
methyl B-D-glucopyranoside does not. 

(e) 2,3,4,6-Tetra-O-methyl-a-D-glucopyranose gives a positive test with Tollens’ or 
Benedict’s reagent, while methyl a-D-glucopyranoside does not. 


() Hon,c ~% HOH,C ~% 4H 
H\OH HO/OMe H\OH H/oMe 


H H H H 
Methyl a-D-lyxofuranoside Methyl 2-deoxy-a-D-lyxofuranoside 


Methyl o-D-lyxofuranoside undergoes oxidation by periodic acid (because it has 
—OH groups on adjacent carbons) to yield an aldehyde which gives a positive test 
with Tollens’ or Benedict’s reagent. Methyl 2-deoxy-a-D-lyxofuranoside, on the 
other hand, does not react with periodic acid (HIO,) as there is no glycolic moiety 
in the molecule. 

26. Oneofthe Kiliani-Fischer step-up products of four D-aldohexoses produces 
a meso-heptaldaric acid on oxidation. Identify these aldohexoses. 


Solution One of the Kiliani—Fischer step-up products of D-glucose, D-allose, D-idose, and 
D-talose on oxidation produces a meso-heptaldaric acid. This may be shown as follows: 


HNO; 
| [0] y 
CHO CHO CHO COOH 
H—t— 0H HO—+—H H—t— 0H H—t+— 0H 
Kiliani— 
HO—+—H Fischer. H+ —OH H—t+— oH H—t+— oH 
H—t+— oH HO—1+—H + HO—+—H_ ---HO—+—H------Plane 
H—+— 0H H—+— 0H H—1+— 0H H—}+—oOH of 
symmetry 
CH,OH H—t+— 0H H—1+— 0H H—1— 0H 
D-Glucose CH,OH CH,OH COOH 
) A meso 


C-2 epimers heptaldaric acid 
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HNO; 
| [0] A 
CHO CHO CHO COOH 
H—t+— oH HO—+—H H—t+— 0H H—t+— 0H 
Kiliani— 
H—+— OH Fischer. H—+—OH H—t— OH H—1— OH 
H OH H OH + H OH ----- H OH:----Plane 
H—+— 0H H—+— 0H H—+— OH H—;—OH of 
symmetry 
CH,OH H—t+— OH H—1+— OH H—1+— OH 
D-Allose CH,OH CH,OH COOH 
A ) A meso 
C-2 epimers heptaldaric acid 
HNO; 
| [0] a 
CHO CHO CHO COOH 
HO—+—H — HO—+—H H—+ — OH H—+ — OH 
1ani- 
H—+— 0H Fischer. HO—-+—H HO—+—H HO—+—H 
HO H H OH + H OH ---H OH----Plane 
H—+— OH HO—+—H HO—+—H HO—+—H of 
symmetry 
CH,OH H—1+— OH H—+— OH H—t+— OH 
D-Idose CH,OH CH,OH COOH 
As a, A meso 
C-2 epimers heptaldaric acid 
HNO; 
| [0] A 
CHO CHO CHO COOH 
HO—}—H eee HO—+—H H—+— OH H—+— OH 
lanl- 

HO—1+—H Fischer. HO—-+—H HO—+—H HO—+—H 
HO—+—H HO—+—H + HO—+—H- ---HO—+—H-----Plane 
H—+— OH HO—+—H HO—+—H HO—+—H of 

symmetry 
CH,OH H—+— OH H—+— OH H—t+— OH 
D-Talose CH,OH CH,OH COOH 
ae Sy, A meso 


C-2 epimers 


heptaldaric acid 
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27. NaBH, reduces the aldose P to an optically inactive alditol. Ruff 
degradation of P yields Q, whose alditol is also optically inactive. Ruff 
degradation Q yield L-glyceraldehyde. Identify the aldoses P and Q. 

Solution The aldose Q on Ruff degradation produces L-glyceraldehyde. Therefore, Q may 
be I or II. 


CHO CHO CHO 
HO——H |. H—}—OH pus 
HO—+—H HOoO—;—H ~ ~” HO H 
CH,OH CH,0OH CH,OH 
I II L-Glyceraldehyde 


Q on NaBH, reduction produces an optically inactive alditol. Therefore, Q must be I 
(L-erythrose). 


CHO CH,OH 
HO—_—-H NaBH, NOE. Plane of 
HO—+—_H HO—_-H__ symmetry 

CH,OH CH,OH 

I An optically 


inactive alditol 


Ruff degradation of P forms Q. Therefore, P may be III or IV. 


CHO CHO 
HO—}—H H——OH i 
HO——H or HO Ho 2s. 70 H 
HO——H HO—+—H HO H 

CH,OH CH,OH CH,OH 

Ill IV Q 


Now, P on NaBH, reduction produces an optically inactive alditol. Therefore, P must be 
III (L-ribose). 


CHO CH,OH 
HO HO H Plane of 
HO Bn 2S ope 
symmetry 
HO—_—_H HO—_—_— 
CH,OH CH,OH 
III An optically inactive 


alditol 
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28. The aldopantoses D-ribose and D-arabinose yield the same osazone with 
phenylhydrazine and yield a meso and an active aldaric acid, respectively, 
on HNO, oxidation. Predict their structures. 


Solution Since these aldopentoses yield the same osazone, they must be C-2 epimers. Now, 
D-ribose yields a meso-aldaric acid. Hence, there is a configurational symmetry about the 
chirality centres C-2, C-3 and C-4 of D-ribose. There is no configurational symmetry about 
these chirality centres of D-arabinose because D-arabinose yields an active aldaric acid on 
oxidation. Therefore, I is the structure of D-ribose and II is the structure of D-arabinose. 


CHO COOH CHO COOH 
H—7—OH uno, H—,—-OH Plane HO—+—H_ yno, HO—7—H 
H—+—OH fo) ? ----H—-—OH---- of ; H—+—OH (9) 7” H—+—OH 
H——\—_OH H—+—OH symmetry H—W\OH H—+—OH 

CH,OH COOH CH,OH COOH 

I A meso aldaric acid II An active 


aldaric acid 
29. X,Y and Z are three L-aldohexoses. X and Y yield the same optically active 
alditol on catalytic hydrogenation. However, they yield different osazones 
when treated with phenylhydrazine. Y and Z give the same osazone but 
different alditols. Identify X, Y and Z. 


Solution X, Y and Z are three L-aldohexoses. Hence, they are any three of the following 
six L-aldohexoses. 


CHO CHO CHO CHO 
HO—+—H H—+— OH HO—+—H H—+— OH 
HO H HO H H OH H OH 
HO—+—H HO—+—H HO—+—-H HO—+—H 
HO—,—H HO—,—-H HO—,—-H HO-—,>—H 

CH,OH CH,OH CH,OH CH,OH 

L-Allose L-Altrose L-Glucose L-Mannose 

CHO CHO CHO CHO 
HO—|;—H H——0H HO:——H H——0H 
HO——H HO—>—H H—+— OH H—,— OH 

H—+— OH H—,— 0H H—,— 0H H—,— OH 
HO—+—-H HO——H HO—+—H HO——H 
CH,OH CH,OH CH,OH CH,OH 


L-Gulose L-Idose L-Galactose L-Talose 


Carbohydrates 
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Now, the alditols obtained by catalytic reduction of these eight aldohexoses are as follows: 


CH,OH 
HO—+—H 
L-Allose 2%, HOH ___ Plane of 
HO H symmetry 
HO—+—H 
CH,OH 
(Optically inactive) 
CH,OH 
HO—+—H 
H—,— 0H 
L-Glucose 22%, 
HO—_—_-H 
HO—+—H 
CH,OH 


(Optically active) 


CH,OH 
HO—_—-H 
. HO—+—H 
L-Gulose Ha/Ni 
H—+— OH 
HO—+—H 
CH,OH 


(Optically active) 


CH,OH 
HO—_—H 
L-Galactose 2, oe aun 
H—+ 0H Symmetry 
HO——H 
CH,0H 


(Optically inactive) 


? 


? 


? 


? 


L-Altrose zai. 


L-Mannose 22Ni5 


L-Idose SIN, 


H/Ni 


L-Talose "> 


CH,OH 

H—!—on 
HO—+—H 
HO H 
HO—+—H 

CH,OH 


(Optically active) 


CH,OH 
H—,—- 0H 
H—-—\ OH 
HO—+—H 
HO——\—_H 
CH,OH 
(Optically active) 
CH,OH 
H—-— OH 
HO——_H 
H—- OH 
HO——_H 
CH,OH 


(Optically active) 


CH,OH 
H—,— 0H 
H—,—- 0H 
H—,— 0H 

HO——H 

CH,OH 

(Optically active) 
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From the structures of the alditols it becomes evident that L-altrose and L-talose give the 
same active alditol. Since X and Y produce the same active alditol, these are L-altrose and 
L-talose. Since they are not C-2 epimers, they form different osazones. 


CH=NNHPh CH=NNHPh 
C=NNHPh C=NNHPh 
L-Altrosa 38PhNHNH, HO—+—H H—OH 3PhNHNH, 1-Talose 
HO——H H——W-OH 
HO——H HO—+—H 
CH,OH CH,OH 
Nae ~— st 
Different osazones 


Y and Z give the same osazone but different aditols. L-Altrose and L-allose give the same 
osazane (since they are C-2 epimers) but different alditols. Again, L-talose and L-galactose 
give the same osazone (as they are C-2 epimers) but different alditols. Therefore, if Y is 


L-altrose, Z is L-allose and X is L-talose and if Y is L-talose, Z is L-galactose and X is 
L-altrose. 


30. Analdaric acid <UN P 
(optically active) (An L-aldopentose) 
[stan te 
on ee are HNO, Q ; oR HNO, pa loa as 
optically inactive (ews aldohesodes) optically active 


Identify P, Q and R. 


Solution 


There are four L-aldopentoses: 


CHO CHO CHO CHO 
HO—+—H H—~—_OH HO—+—-H H—~—_OH 
HO—— HO—,_—-H H—+— OH H—+—0OH 
HO——-H HO——-H HO—_—-H HO——H 

CH,OH CH,OH CH,OH CH,OH 

L-Ribose L-Arabinose L-Xylose L-Lyxose 


Among these four aldopentoses only L-arabinose and L-Lyxose give two optically active 
aldaric acids on oxidation. 


Carbohydrates 9.103 
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CO.H CO,H 
H——_ OH H—_ OH 
L-Arabinose EN°:5 HO—+—H ; L-Lyxose a H—+—_ oH 
HO—_—-H HO—_—-H 
CO.H CO.H 
An aldaric acid An aldaric acid 
(optically active) (optically active) 


Therefore, the aldopentose P may be L-arabinose or L-lyxose. 


A Kiliani-Fischer step-up of L-arabinose gives L-glucose and L-mannose, both of which on 
oxidation produce optically active aldaric acid. But a Kiliani-Fischer step-up of L-lyxose 
gives L-galactose and L-talose. L-Galactose on oxidation yields an optically inactive 
aldaric acid, while L-talose or oxidation yields an optically active aldaric acid. Therefore, 
the aldopentose P is L-lyxose and the aldohexoses Q and R are L-galactose and L-talose 
respectively. 


CHO CHO 

HO—_—-H H—,—-0OH 
L-Arabinoge “lism schon, H—— OH. n H—-— OH gyno, 

HO H HO [; re 
HO——_H HO——-H 

CH,OH CH,OH 

L-Glucose L-Mannose 

CO,H CO,H 

HO—_—-H H—,— OH 
H—}—OH | H—}—OH — 

HO——-H HO——H 
HO——-H HO——-H 

CO.H CO,H 


(optically active aldaric acids) 
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CHO CHO 
HO—+—H H—,— 0H 
LeGyeese ~ tatene Escher, H OH : H OH no, 
H—1— 0H H——oH ©! 
HO—,—H HO——H 
CH,OH CH,OH 
L-Galactose L-Talose 
CO.H CO.H 
HO—+—H H—,— OH 
Plane of H—,— OH H—+— OH 
symmetry — H So . eee 
HO H HO H 
CO,H CO,H 
(An optically (An optically active 
inactive aldaric acid) aldaric acid) 
31. II 1. Ruff I HNO, I 
(An optically <2 HNO, A D-aldopentose ~~ 7 (An optically 
active aldaric acid) inactive aldaric acid) 


Identify the aldopentose I from the above observations. 


Solution Among the four possible D-aldopentoses only D-ribose and D-xylose produce op- 
tically inactive aldaric acid on oxidation. Hence, the D-aldopentose I may be D-ribose or 
D-xylose. 


Plane of Plane of 
CHO CO,H CHO: EYMEESy| co 
H—\—OH oe ee ae a): ee H—_ 0H 
H——_OH OH manga =O oH 2S. AO 
H——OH |_OH H—1—0H H——oH 
CH,OH CO.H CH,OH CO,H 
D-Ribose (An optically inactive D-Xylose (An optically 


aldaric acid) inactive aldaric acid) 


Carbohydrates 


Now, the Ruff degradation followed by HNO, oxidation of D-ribose produces an optically 
inactive aldaric acid, whereas D-xylose, when treated similarly, produces an optically 
active aldaric acid (III). Therefore, the D-aldopentose is D-xylose. 


CHO 
H—1—ouH CO,H 
f— 69 3s H—+—OH plane of 
2.HNO; 9 --cz----}-----=22=--- 
H—_—oOH H—-OH symmetry 
CH,OH CO,H 
D-Ribose (An optically inactive 
aldaric acid) 
CHO 
H—— 08 CO.H 
1. Ruff 
H—;— OH H OH 
CH,OH CO,H 
D-Xylose (An optically active 


aldaric acid) 


32. D-Glucose and L-gulose undergo oxidation by HNO, to give the same 
aldaric acid and D-idose give the same osazone as that of D-gulose. If the 
configuration of D-glucose is known, then write down the more stable 
chair conformation of o-D-idopyranose. 

Solution Since D-glucose and L-gulose give the same dicarboxylic acid on oxidation, the 


configuration of L-gulose is that obtained by interchanging the end groups (—CHO and 
—CH,OH) of D-glucose. 


CHO CO,H CH,OH 
H—1— OH H—1}— OH H—— OH 
HO H => HO H << HO—}—H 
H—— 0H H—|— 0H H—1+— 0H 
H—+— 0H H—|— oH H—}— 0H 
CH,OH CO.H CHO 
D-Glucose L-Gulose 
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CHO 
H——0OH 
H—,— 0H 

HO——H 
H—,— OH 
CH,OH 
D-Gulose 


Now, D-idose is the C-2 epimer of D-gulose because they form the same osazone with 
phenylhydrazine. Therefore, the configuration of D-idose is: 


CHO 
HO——H 
H—— OH 
HO——H 
H—— OH 
CH,OH 
D-Idose 


The more stable chair conformation of a-D-idopyranose is the one in which only the 
bulkiest group, —CH,OH, occupies an axial position. 


OH CH,OH H 
CH,OH O H 
H QH a H™~o OH 
H H HO 
- H oH Y 0H 
OH OH H H 
(Less stable conformation) (More stable conformation) 


a-D-Idopyranose 


33. When L-altrose is heated with dilute acid, a nonreducing anhydro sugar 
(C,H,,0;) known as 1,6-anhydro-L-altropyranose is obtained. Predict the 
structure of the anhydro sugar and explain its formation. How can it be 
converted to 2,3,4-tri-o-methyl-L-altrose? Explain why this anhydro sugar 
is a non-reducing one. 

Solution The anhydro sugar is obtained through the conformation in which the —CH,OH 
group is axial. The mechanism for the acid-catalyzed dehydration of B-L-altropyranose is 
as follows: 
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H 
O_CH,OH 
OH 
HO H 
H H 
H OH 
(-L-Altropyranose a-L-Altropyranose 
Hx ® 
O CH, ( Co CH, 
H H 
H O— H 1,6: H Oo H 
H 
HO OH HO OH 
H OH H OH 


1,6-Anhydro-L-altropyranose 
(an anhydro sugar) 


This anhydro sugar can be converted to 2,3,4-tri-O-methyl-L-altrose by methylation 
followed by acid hydrolysis. 


O CH, O CH, OH CH,OH 
@ 
H-t36-H\E Oe, Ge os oe 
NaOH 
H H H 

HO OH MeO MeQ MeO MeO 

1,6-Anhydro-L-altropyranose | 
CHO 
H—— OMe H 


alts O. CH,OH 
MeO H 2 
MeO ——H — OMe OMe 
CH,OH H 
H OMe 


2,3,4-Tri-O-methy]l- 
L-altrose 


Since the anhydro sugar is, in fact, an acetal, it is a nonreducing sugar. 
34. Explain why the formation of an anhydro sugar from D-glucose requires 
a much drastic condition. 


Oe ea etree euecncvaamtentie a eaegneie ta ald westaaoe nideeeeter anion os Organic shes: » Medien pneder 
Solution The formation of an anhydro sugar requires that the sugar must adopt a chair 
conformation with the —CH,OH group axial. With f-D-glucopyranose (the more stable 
anomer), however, it requires that all the four -OH groups become axial and therefore, 
the reaction (acid-catalyzed dehydration) must proceed through a very much unstable 
conformation. For this reason, the formation of an anhydro sugar from D-glucose requires 
a much drastic condition. 


CH,OH 


H 
CH,OH O u sia 
HO H ste OH™o H oe 
H OH H — ? 
= OH | a la 
H OH OH 
B-D-Glucopyranose (Very unstable conformation: 


all the groups are axial) 


35. The two aldohexoses I and II react with phenylhydrazine to yield the 
same osazone. An optically inactive aldaric acid in obtained when I is 
oxidized by HNO. I or II gives the same aldopentose III when subjected 
to Ruff degradation. III on nitric acid oxidation yields an optically active 
aldaric acid. Ruff degradation of III forms IV, which on HNO, oxidation, 
produces an optically active aldaric acid. Ruff degradation of IV form 
(+)-glyceraldehyde. Identify I, II, III and IV. 


Solution Since (+)-glyceraldehyde belongs to the D family, the aldotetrose IV may be D- 
erythrose or D-threose. 


CHO CHO 
CHO 
H—— OH Ruff Ruff HO H 
HoH — > uH-o# <— “H+ on 
CH,OH CH,OH CH,OH 
D-Erythrose D-(+)-Glyceraldehyde D-Threose 


IV on HNO, oxidation produces an optically active aldaric acid. Therefore, IV must be 
D-therose. 


CO.H COOH 
D-Erythrose as Hot OH. Plane of ; D-Threose = 2:-> nO =e Ga 
[0] [O] 
symmetry 
CO,H COOH 
(An optically (An optically 


inactive aldaric acid) active aldaric acid) 
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CHO Ga6 CHO 
wo ne Ruff HOH Ruff a0 sles a 
HoH ~ H-+oH *  H-+OH 
CH,OH CH,OH CH,OH 
IV 
D-Xylose D-Threose D-Lyxose 


III on HNO, oxidation produces an optically active aldaric acid. Therefore, III must be 
D-lyxose. 


COOH COOH 
H—— OH HO—— H 
D-Xylose HINO; --HO —— H------ Plane of ; D-Lyxose cE HO——H 
[0] H——OH symmetry [0] H— OH 
COOH COOH 
(An optically inactive (An optically active 
aldaric acid) aldaric acid) 


Ruff degradation of either I or II yields III. Therefore, I and II are D-galactose and D-talose. 


CHO CHO 
wOER™ me, nop gue BSCE 
athe Ru one Ru —— 
HO——H HO——H HO—— OH 
H—— OH H—— OH H—— OH 
CH,OH CH,OH CH,OH 
III 
D-Galactose D-Lyxose D-Talose 


When I is oxidized by HNOsg, an optically inactive aldaric acid is obtained. Therefore, I 
must be D-galactose. Then, IT must be D-talose. 


COOH COOH 
H——OH HO——H 
HO——H HO——H 
D-Galactose HGS wottecnsunnctbeefesiectcaweneses Plane of ; D-Talose muha oe HOH 
HO——H __ symmetry ie i - Un 
sal Recs COOH 
COOH 
(An optically inactive (An optically active 
aldaric acid) aldaric acid) 


D-galactose and D-talose are C-2 epimers, and so, they form the same phenylosazone. 


Be tole tate siectiaca ce ctetaasce areola aria ced aetna ane nia Ciao Gee ye Menor ee 
36. Compound A (C,H,,0;), on oxidation with bromine-water produces B 
(Cg,H,,0,). A forms a tetraacetate with acetic anhydride and is reduced by 
HI to n-hexane. Oxidation of A with HIO, yields, among other products, 
1 molecule of formaldehyde and 2 molecules of formic acid. What are the 
possible structures of A? 


Solution Formation of a tetraacetate shows the presence of four hydroxyl group in the 
molecule. Oxidation of A by Br,-H,O to give an acid with the same number of carbon at- 
oms and the fact that A (CgH,,0;) adds one oxygen to give the acid B (CgH,,0,) indicate 
that A is an aldehyde. Reduction of A with HI to n-hexane shows that A has the carbon 
skeleton consists of six carbon atoms in a straight chain. Therefore, the molecular formula 
C,H,,0; suggests that A is a deoxy-sugar and it may have any one of the following struc- 
tures obtained by shifting the —CH,— group down the chain. 


CHO CHO CHO CHO CHO 
CH, CHOH CHOH CHOH CHOH 
CHOH CH, CHOH CHOH CHOH 
CHOH CHOH CH, CHOH CHOH 
CHOH CHOH CHOH CH, CHOH 
CH,OH CH,OH CH,OH CH,OH CH, 
I II Ill IV V 
3HIO, jane: jo 3HIO, \an: 
Vv Vv 
HCHO HCHO HCHO 3HCO,H 4HCO,H 
+ 2HCO,H + 2HCO,H +2HCO,H  +OHCCH,CH,OH +CH,CHO 


+ OHCCH,CHO +OHCCH,CHO + OHCCH,CHO 


Now, HIO, oxidation of A produces one molecule of HCHO and two molecules of HCO,H. 
Inspection of the structures shows that I, II and III, but not IV and V, can give the required 
products. Therefore, A is I or II or III. 

37. Identify the compounds A—J in the following reaction sequence: 


H, KMnO, 
; >D >E+F 
2CICH,CH,CHO s Lindlar’s 5s 
1. ether KOH OH/H,O catalyst 
+ 3. H,0® > A >B >C 
= ) 
BrMgC =CMgBr (meso Na gqy py Muy 


liq.NH; 


Indicate the stereochemical relationship between E and F and between I 
and J. 
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Solution 
CH,.Cl 
CICH,CH,CHO | 
CM B ee 
gbr 1. ether | 
ll aoe OS 
CMgBr C 
+ 
CICH,CH,CHO 
H+ OH 
CH, 
| 
CH,Cl 
(meso) 
A 
CH,CH,OH CH,CH,OH 
H——OH H—- OH 
HO——H 4 Ha] -08 
HO——H H—— OH 
H—— OH H—- OH 
CH,CH,OH CH,CH,OH 
(meso) (meso) 
F E 
& - J) 
Diastereoisomers 
CH,CH,OH CH,CH,OH 
H——OH H—— OH 
HO——H H—— OH 
H—— OH HO—H 
H—— OH H—— OH 
CH,CH,OH CH,CH,OH 
J I 
he a J 
Enantiomers 


9.111 
CH,OH 
CH,—CH, CH, 
S| QO 2aEe. 7 |- on 
i i 
C C 
H—--——_0 H—— OH 
CH,—CH, CH, 
= CH,OH 
C 
CH,CH,OH 
H—— OH 
CH Hy 
KMn0, | Lindlar’s 
CH catalyst 
H—— OH Na/liq. NH; 
CH,CH,OH 
cls 
D 
CH,CH,OH CH,CH,OH 
H-|-on Hon 
H H 
KMn0, H-OS¢- Sony 
H+ OH H+ OH 
CH,CH,OH  CH,CH,OH 
H G 


38. Draw the two chair conformations of 8-D-glucopyranose. Which one of the 
two would you expect to represent the true conformation of $-D-glucose 


and why? 
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Solution The two chair conformations of B-D-glucopyranose can be drawn as follows: 


He ‘CH,OH 
CH,OH_O . OH 
HO H —_ 
H H 
I 
(More stable because (Less stable because 
all substituents are equatorial) all substituents are axial) 


I is expected to represent the true conformation of $-D-glucose because it is much 
more stable than the conformation II. 

39. Draw a Fischer projection, a Haworth projection, and for the pyranoses, 
a chair conformation for each of the following sugars: 


(a) £-L-(-)-Glucopyranose (b) B-D-(+)-Fructofuranose 
(c) a-L-(+)-fructopyranose (d) a-D-Ribofuranose 
Solution 


(a) B-L-(-)-Glucopyranose 


> 
H—+—0OH 
Cyclic 2) 
permutation HO 3 H = 
H—_OH = 
HO-|-H 
H-}-CH,OH 
er OH H 
Fischer projection Modified Haworth projection 
Fischer projection TT 
H 
O_ CH,OH 
H OH 
H 
HO 
H H 


Chair conformation 


Carbohydrates 


Cyclic 


Fischer projection 


(c) a-L-(+)-Fructopyranose 


HO—CH,OH as 
H-+-0H 5 
HO-+-H = 4H 

HO-+-H 
CH,—O 


Fischer projection 


(d) a-D-Ribofuranose 


H——OH Cyclic 
H——OH permutation 
H—_OH 
LT / 
we 
\ CHOH 


Fischer projection 


Modified 
Fischer projection 


O 
OH 
P H 
OH H = 
CH,0OH — HO 
3 
OH 


Haworth projection 


H+ oH 
H—-- OH 
H—t+_ 0H 
HOH,C——H 
O 
Modified 


Fischer projection 


3 OH 


2 


OH 
H CH,OH 


Chair conformation 


HOH,C H 
avi You 
OH OH 


Haworth projection 


40. Draw the chair conformation of each of the following compounds from its 
relationship to B-D-glucopyranose: 


(a) oa-D-Galactopyranose 


(c) $-D-Gulcopyranose 


(b) B-L-Mannopyranose 


(d) a-D-Allopyranose 


Solution It is known that all the -OH groups in B-D-glucopyranose are in equatorial posi- 
tions. Therefore, it is easy to draw the chair conformation of any other aldehexose in its 


pyranose form. 


Bic at ase ee evn a craeternctseate arnt alee nsovaemnidoeneede emai os Cgane shetisiy, o Madeinnneae 
(a) Since D-galactose is the C-4 epimer of D-glucose and the o-anomer differs from 
the B-anomer of C-1 (the anomeric carbon), the chair conformation of a-D- 
galactopyranose can be drawn by interchanging the positions of H and OH both at 
C-4 and C-1 of 6-D-glucopranose. 


H 6 OH 
CH,OH C-1 and C-4 4| CH,OH_O 
HO inverted H H 
HO OH HO H 
H H H OH 
B-D-Glucopyranose a-D-Galactopyranose 


(b) To draw an L-pyranose, the corresponding D-pyranose is to be drawn first, and 
then its mirror image is to be drawn. D-Mannose is the C-2 epimer of D-glucose. 
Therefore, the chair conformation of B-D-mannopyranose can be easily drawn by 
interchanging the positions of H and OH at C-2 of B-D-glucopyranose. Then, the 
mirror image of B-D-mannopyranone is drawn to get B-L-mannopyranose. 


Mirror 
plane 


B-D-Glucopyranose B-D-Mannopyranose B-L-Mannopyranose 


(c) Since D-gulose differs from D-glucose in C-3 and C-4 configurations, the chair form 
of B-D-gulopyranose can be drawn by interchanging the positions of H and OH both 
at C-3 and C-4 of B-D-glucopyranose. 


OH 
C-3 and C-4 4| ‘CH,OH_ Q 
inverted H H 
u OH 
OH H 
B-D-Glucopyranose B-D-Gulopyranose 


(d) D-Allose in the C-3 epimer of D-glucose. Again, the a-anomer differs from the 
B-anomer at C-1 (the anomeric carbon). So, the chair form of o-D-allopyranose can 
be drawn by interchanging the positions of H and OH both at C-3 and C-1. 
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C-1 and C-3 
inverted 


B-D-Glucopyranose a-D-Allopyranose 
41. What is the smallest aldose also to form a cyclic hemiacetal? Give an 
example. 
Solution A tetrose is the smallest aldose able to form a cyclic hemiacetal (a five-mem- 
bered, i.e., a furanose ring). For example: 
CHO 


H——OH 
H—— OH 


CH,OH 
D-Erythrse 


42. How it has been established that the solvent should have both acidic and 
basic properties for mutarotation to take place? 


Solution It has been observed that mutarotation does not take place in either of the sol- 
vents, pyridine (a weak base) or a phenol (a weak acid), but takes place quite readily in a 
mixture of the two. This observation, therefore, suggests that the solvent should have both 
acidic and basic properties for mutarotation to take place. 


The process of mutarotation in a mixture of pyridine and phenol may be shown as follows: 


i 0 <> 


(Phenol) 


H a 


+ 
O—H 
" Cn? C) » 


a-D-Glucopyranose 


(Pyridine) 


| 180° rotation 


qo a a 


*"0<O> 


CH,OH_O —H 


B-D-Glucopyranose 
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43. a-D-Glucopyranose undergoes mutarotation readily in the presence of 
2-pyridinol. Explain. 
Solution 2-Pyridinol can act as an acid-base catalyst. It can give H® to the acetal oxygen 
and can remove H® from the anomeric —OH in a synchronous manner and for this reason, 
a-D-glucopyranose undergoes ready mutarotation in the presence of 2-pyridinol. 


B-D-Glucopyranose 


44, The value of [a]p of o-D-glucopyranose is +112°, while that of the S-anomer 
is +18.7°, when either of the pure anomers is dissolved in water, the specific 
rotation gradually changes to +52.7°. Calculate the percentages of the two 
anomers present at equilibrium. 

Solution Let, the mole fraction of the a-anomer ([a]p = +112°) present at equilibrium is 
x and the mole fraction of the B-anomer ([0]p = +18.7°) is y. Since the observed rotation of 
the mixture is +52.7°, we have 

x(4+112°) + y(+18.7°) = +52.7° (i) 
Since the amount of the open-chain form present at equilibrium is very small, the fraction 
present as the o- and f-anomer should account for all the glucose: 

x+y=l,ory=1-x 
Substitution (1 — x) for y in the equation (i), we have, 

x(112°) + (1 — x) (18.7°) = 52.7° 
Solving this equation for x, we have x = 0.36 and y = (1 — 0.36) = 0.64. Therefore, the 
amounts of the a and the f-anomer present at equilibrium are 36% and 64%, respectively. 
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45. Draw the two chair conformations of each of the following compounds 


and indicate the more and less stable conformers: 


(a) a-D-Idopyranose (b) o-D-Allopyranose 
(c) a-D-Arabinopyranose (d) a-D-Gulopyranose 
(e) £-D-Xylopyranose (f) B-D-Fructopyranose 
(g) oa-L-Glucopyranose (h) B-D-Mannopyranose 
Solution 
(a) 
Maximum 
number of 
substituents 
equatorial 
(less stable conformer) (more stable conformer) 
a-D-Idopyranose 
(b) 


(more stable conformer) (less stable conformer) 


a-D-Allopyranose 
(c) 


(less stable conformer) (more stable conformer) 


a-D-Arabinopyranose 
(d) 


(less stable conformer) (more stable conformer) 


a-D-Gulopyranose 


9.118 Organic Chemistry: A Modern Approach 


(more stable conformer) (less stable conformer) 


B-L-Xylopyranose 


(f) 
——-_ H 
(less stable conformer) (more stable conformer) 
B-D-Fructopyranose 

(g) 

(more stable conformer) (less stable conformer) 

6 

(h) CH,OH OH 


(more stable conformer) (less stable conformer) 
B-D-Mannopyranose 


It is to be noted that in general the more stable conformation is the one in which the 
bulkiest group, —CH,OH, occupies an equatorial position. However, in an extreme case, 
to permit many —OH groups to take up equatorial positions, the —CH.,OH group may be 
forced into an axial position. 
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46. How would you establish that all methyl pyranosides of c-D-hexose series 
have the same configuration about C-1? 


Solution Periodic acid oxidation of any methyl pyranoside (I) of a-D-hexose series pro- 
duces formic acid and the same dialdehyde (II). Oxidation destroys the chirality centres 
at C-2, C-3 and C-4 (C-2 and C-4 are oxidized to —CHO groups and C-8 is eliminated as 
formic acid). The configuration is preserved about C-1 and C-5. Configuration about C-5 is 
the same for all members of the D family. The same products can then be obtained from 
all these glycosides only if they have the same configuration about C-1. This has further 
been proved by the fact that these dialdehydes can be converted into the same strontium 
salt (III). (That the C-1 —OH is on the right in the a-D hexose series has been established 


by X-ray analysis.) 
H 
_2HIO. 1. Br,/H,0 
or “or 210°” 2. SrCO3 we oP 


0S 25 


“CH,OH H 
Il CH,OH 
Methyl pyranoside A dialdehyde Ill 
of any a-D-hexose a Same strontium 


3 
H CO.H salt 
Formic acid 


[The method which demonstrates that different glycosides of a-D-hexose series have the 
same configuration about C-1 and C-5 is known as the Jackson and Hudson’s method.] 
47. How would you prove that the methyl glycoside (Lal = +159°) obtained 
by refluxing D-(+)-glucose in methanol solution in the presence of a little 
hydrochloric acid, is a six-membered ring and not a five-membered ring? 


Solution When this methyl glucoside is allowed to react with HIO,, it is observed that 
this glycoside consumes two molar equivalents HIO, and produces one molar equivalent 
of formic acid and one molar equivalent of a dialdehyde (which on hydrolysis produces 
D-glyceraldehyde, glyoxal and methaol). This observation, therefore, suggests that the 
glycoside is a six-membered ring, i.e., it is methyl a- or B-D-glycopyranoside. 
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H 6 
,| CH ,OH 4cHO 
2HIO,, O~% ar H,0°® 
aaa = H—+— oH 
FC 
a 6 
O H CH,OH 
A dialdehyde D-Glyceraldehyde 
Methyl a- or B-D-glucopyranoside sa - 
1 2 
HCO,H OHC—CHO + MeOH 
Formic acid Glyoxal Methanol 


Were the ring five-membered (a furanose ring), two molar equivalents of HIO, would 
be required, but one molar equivalent of formaldehyde and one molar equivalent of a 
trialdehyde (which would yield hydroxymalonaldehyde, glyoxal and methanol on 
hydrolysis) would be formed. 


6 
se 5 
HO ae a=c8 — -_ 
HO-CH -O. oe ; 
‘ ts y 222 ‘cHOH 
OH H u ; : ; 
° Te oy CHO 
3 2 
H OH O 
Methyl a- or B-D-glucofuranoside A trialdehyde Hydroxymalo- 
= naldehyde 
HCHO a 
Formaldehyde CC -CHO,, . MeOH 


Glyoxal * Methanol 


48. What would have been the products obtained from the Howarth-Hirst 
procedure if (—)-fructose possesses a furanose ring structure? 


Solution Methoxymalonic acid, methoxy glycollic acid and 2,3-dimethyloxysuccinic acid 
would have been obtained from the Haworth-Hirst procedure if D-(—)-fructose possesses 
a furanose (five-membered) ring structure. This may be shown by the following sequence 
of reactions. 


Carbohydrates 
et listacSsespstesciongetarshcnanebpSussadechsas <alahe sdiuted hdaas haan dan bdsdsbetnadeade Cabnuaseealag adie ttacaestayeatads ables han saueds dauanceh taps aosaeauneaaacmmane ses Haneeeuemsecaewes 


HO—+— CH,OH MeO—+— CH,OH 7 
OH/HCl1 Me,S0,4 
HO—+—H oeo'> HO——H Once 
H—+— 0H H—— 0H 
H— H— 
CH,OH CH,OH 


B-D-Fructofuranose Methyl B-D-fructofuranoside 


1 
HO—_ COOH | .Hno, HO—7——CH,O0Me) JailHci MeO —1—CH,OMe 
[0] =< i 
MeO —_,—-H O MeO —_,—-H O MeO —— H O 
H—1—oMe H—1—oMe ) H—4| OMe ) 
H— H H— 
CH,OMe CH,OMe °CH,OMe 
1,3,4,6-Tri-O-methy]l- 1,3,4,6-Tetra-O-methyl- Methyl] 1,3,4,6- 
B-D-fructofuronic acid B-D-fructofuranose tetra-O-methyl- 
' B-D-fructofuranoside 
KMnO,|H,SO, 
ae Gi 4 CO,H 
CO.H _ | 
MeO—+—H > : 2 Cleavage (b) i H 
MeO ——H H OMe 
H—-—OMe 0 : 
es H—- OMe CO,H 
CHOMe | | 40 = (a) a ace 
2,3,5-Tri-O-methyl | sl (b) 
D-arabinolactone CH2OMe | 
*CO.H "COLH 
Cleavage (a) 
=< Meo +  °CH,OMe 
‘CO,H Methoxyglycollic 
Methoxymalonic acid 
acid 


49. How can it be established by the following reaction sequence whether a 
methyl fructoside has a pyranose or furanose ring? 


: HIO Br)/H,0 H,0°® 
Glycoside ———4— ——2"2—>_, 2 _, 
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Solution Periodic acid causes oxidative cleavage of 1,2-diols. Aqueous bromide causes 
oxidation of a —CHO group to a —COOH group, and dilute acid causes hydrolysis of the 
acetal, thereby freeing the degradation units. 


If methyl fructoside has a pyranose ring, formic acid (HCOOH), hydroxypyruvic acid 
and glycollic acid would have been obtained and if it has a furanose ring structure, 
hydroxypyruvic acid and glyceric acid would have been obtained. 


1 1 
MeO —— CH,OH MeO —— CH,OH 
2HIO, °OH O Br, 0 0.H L 


*°CHO ‘CO.H 
; / 
CH, CH, 
Methyl £-D-fructopyranoside ne HCO,H | custo 
5 1 
CO.H ore 
°CH,OH + ‘G=0 
Glycollic °CO,H 
acid Hydroxypyruvic 
acid 


H—*— 0H 
H— ‘CHO 
[2 ae 
‘CH,OH 
Methyl 6-D-fructofuranoside CH,OH CH,OH 
HCV/H,0 
1 
HO—— CH,0H 
‘CH,OH CO,H fbn 
oo 5 CO.H 0 
| _ = H OH <—— 
: 4 
vd ee ‘CH,OH COjH 
* a D-Glyceric acid H 


6 
= CH,OH —- 
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50. Predict the product expected to be obtained from the Haworth-Hirst 
procedure if D-(+)-glucose possesses a furanose ring structure? 
Solution 


CHOH CHOMe CHOMe 
MeOH/HCl Me,SO 
H——\OH O va 7 H OH O ae H—— OMe O 
HO——H HO——H MeO——-H 
H— H— H— 
H—— OH H——0 H—— OMe 
CH,OH CH,OH CH,0Me 
a- or B-D-Glucofuranose Methyl D-glucofuranoside Methyl 2,3,4,6-tetra- 
O-methyl- 
-D-glucofuranoside 
fai HCl 
‘CHO CHO CHOH 
H——OMe H——OMe H—}— OMe O 
MeO-2+-—-H HNO; MeO—+—H = MeO——H 
‘C=O 10) H—+—-OH }#4© H— 
+1 OMe H—— OMe H—;— OMe 
L °CH,OMe| CH,OMe CH,OMe 
c-4c-5 | |¢-3-¢-4 2,3,4,6-Tetra-O-methyl- 
cleavage | |cleavage -D-glucose 
°CO.H 1CO,H 1CO,H t 4CO,H 
ee + H+}—OMe H}—OMe + H}—OMe 
ie MeO——_H 3CO,H 6CH,OMe 
° 4CO,H 
Methoxyacetic Dimethoxysuccinic Methoxymalonic Dimethoxyglyceric 
acid acid acid acid 


51. Mutarotations of o-D-glucose and 6-gluconolactone in water do not follow 
similar mechanism. Comment. 


Solution Mutarotation of o-D-glucose is due to interconversion between two diastereoiso- 
mers (a- and B-anomers) involving hydrolysis and formation of hemiacetal (a nucleophilic 
addition to the carbonyl group). On the other hand, the mutarotation, of 6-gluconolactone 
is due to interconversion between two structural isomers (¥ and 6-lactones) involving hy- 
drolysis and formation of lactone (nucleophilic acyl substitution). 


4 ck ER Ee ORT eT SSO CT ee SRN ea ee eT Organic Chemistry: A Modern Agproacn 
CHO 
H—-— 0H 
BY a H u=— 4H OH —= ae a H OH 
OH H—-—\- OH OH 
H OH H H 
a-D-Glucopyranose ie as B-D-Glucopyranose 
Open chain 
| form of D-glucose 
Two diastercoisomers 
CH,OH 
CO.H HO ar 
W H—-— 0H 
CH,OH O HO—|—-H W u O 
HO H ee 
OH ‘*O H—- OH 
H 
CH,OH OH OH 


D-Glucono-6-lactone 


Gluconic acid 


Two structural isomers 


D-Glucono-ylactone 


52. From the informations given below write the Fischer projection formulas 


of A, B, C, D and E. 


D-Glucose a D-Sorbitol Eayete D-Sorbose 
or H,/Cu-Cr oxidation 
(A) (B) 
CH,OH | 
HOCH 0. ce 1. dil. H,SO, (E)< 1. KMn0,/OH® (D)< 2MeCOMe (C) 
bea 2. HCV/CHCI; 2. H30°® H.SO, 
HO OH 


L-Ascorbic acid 
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Solution The reaction sequence may be outlined as follows: 


CH,OH CH,OH CH,OH 
HO——H HO——H C=O 
"oll ee rea” Go| ge mmm ge oes 
HO——H HO——H HO——H 

CHO CH,OH CH,OH 

A B 
D-Glucose D-Sorbitol L-Sorbose 


Me, O—\—CH,0H ( HO-\—cH,OH 
KMnO, O Me Ge 2Me,CO O HO——H 
NaOH H,SO, 
eg Me Hon 
H ary 
CH,—o’ Me CH,OH 


Di-isopropylidone 
derivative of L-sorbose 


v 
O. 
CO,H sO 
c=0 BOs 
O 
dil. H,SO4. FO—+—H at I 
H—1—oH > Ho" 
HO——H H— 
CH,0H HO——H 
E CH,0H 
Di-isopropylidene 2-Ketogulonic acid L-Ascorbic acid 


derivative of 2-ketogulonic 
acid (salt) 


53. How would you prove that the -OH group on C-3 is on the left in the 
Fischer projection of D-(+)-glucose? 


Solution D-(—)-Arabinose may be converted into D-(+)-glucose by the Kiliani—Fischer syn- 
thesis 
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CHO 
oH 0 CHOH 
see Kiliani—Fischer 
CHOH 
H OH a 
CH,OH Vener 


D-(—)-Arabinose 


D-(+)-Glucose 


*CHOH = [C-2 in arabinose is 
CHOH  ©-3 in glucose.] 


When D-(—)-arabinose is oxidized with HNOs, an optically active dicarboxylic acid is 
obtained. Of the four possible structures of D-(—)-arabinose ((I-IV) only two will give active 
dicarboxylic acid on oxidation. 


CHO CHO 
H——0OH HO——-H 
H—— OH H—— OH 
H——W—0OH H—— OH 

CH,OH CH,OH 

I II 

HNO; HNO; 

Vv v 

CO.H CO.H 
H—— OH HO——H 
H——OH H—— OH 
H—— OH H—— OH 

CO.H CO,H 

Optically inactive Optically active 


CHO 
H—— OH 
HO——H 
H——0OH 
CH,OH 
Ill 
HNO3 
Vv 
CO2H 
H—— 0H 
HO——H 
H—— OH 
CO.H 
Optically inactive 


CHO 
HO——H 
HO——_H 

H—— OH 

CH,OH 

IV 
HNO; 

v 

CO,H 
HO——H 
HO——H 

H—— OH 

CO.H 

Optically active 


If (—)-arabinose has the configuration II or IV, it may be oxidized to yield an active diacid 
and for this to happen the —OH group on C-2 in (—)-arabinose must be on the left in the 
Fischer projection. Since C-2 in D-(—)-arabinone becomes C-3 in D-(+)-glucose, the -OH 


group on C-3 is on the left in Fischer projection of D-(+)-glucose. 


Po STUDY PROBLEMS 


1. Explain why most of the simple sugars are highly soluble in water. 

2. Provide the IUPAC name, with R and S configurational designations for D-glucose. 

3. a-D-Mannose has a specific rotation of +29.3°. The specific rotation of the B-anomer 
is —17.0°. Either of these anomers mutarotates in water to give a solution with 
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a specific rotation of +14.2°. Calculate the relative amounts of a and £ anomers 

present at equilibrium. 

Glucose is the most abundant aldohexose. Use a stereochemical analysis to 

speculate upon the reason for this observation. 

It is the configuration of C-5 that makes D-glucose “D”. However, inversion of 

configuration at C-5 does not convert D-glucose to L-glucose why? What is the 

result of such an inversion of configuration. 

Identify the following sugars: 

(a) An aldohexose which yield the same phenylosazone as L-tagatose. 

(b) An aldopentose that is not D-arabinose yields D-arabinitol when reduced 
with NaBHy. 

(c) A sugar that forms the same osazone as L-glucose with PhNHNH, but does 
not undergo oxidation by Br./H,O. 

(d) A ketose which on reduction with H,/Pd-C forms D-altritol and D-allitol. 

(e) An aldose which gives a meso aldaric acid on HNO, oxidation. 

Which, if any, of the following are enantiomers? 

(a) oD-Glucopyranose and $-L-glucopyranose 

(b) oa D-Fructopyranose and f-L-fructopyranose 

(c) oD-Mannopyranose and a-L-mannopyranose 

(d) $D-Fructopyranose and f-L-fructopyranose 

Explain the difference between: 

(a) An anomer and an epimer (b) An epimer and a diastereoisomer (c) A D-sugar 

and an L-sugar (d) Mutarotation and racemization. 

Draw the structures for and the name of the compounds which are related to $-D- 

glucopyranose as: 

(a) Enantiomer (b) Anomer 

(c) Epimer (d) Diastereoisomer 

Explain the following observations: 

(a) a-D-Glucopyranose undergoes anomerization, whereas methyl a-D- 
glucopyranoside does not. 

(b) D-Glucose reacts with a 1 mole of methanol to form an acetal. 

(c) Mutarotation is catalyzed by hydroxypyridine but not by pyridine alone. 

(d) D-Talose contains a small fraction of B-pyranose form than D-glucose. 

(e) Acetals undergo hydrolysis more rapidly than ordinary ethers. 

(f) £D-Glucopyranose reacts with EtOH/HC1 is yield ethyl a-D-glucopyranoside 
predominantly. 

(g) The diacetal obtained when glucose is allowed to react with acetone has a 
furanose rather than a pyranose structure. 

(h) The reaction of PhCHO with D-glucose leads to the formation of 2,4-acetal 
preferentially. 


11. 


12. 


13. 


14. 


R—C—O—R’ 


OMe 
Acetal 
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(i) When tert-butyl B-D-glucopyranoside is hydrolyzed in H,'80, tert-butyl- 
oxygen cleavage is observed. 

(j) The aldaric acids of D- and L-mannose are related as enantiomers. 

(k) Epimeric sugars are produced in unequal amounts in Kiliani—Fischer 
synthesis. 

(1) Osazone formation does not proceed beyond the first two carbon atoms. 

Why would you not expect the anomers of an aldohexose to have specific rotation 

of equal magnitude but of opposite sign? 

Why do aldoses react with Fehling’s solution and PhaNHNH4,, but not with NaHSO,? 

[Hint: These are typical reactions for the —CHO group. Therefore, the open chain 

aldehyde form remains in equilibrium with the cyclic hemiacetal forms. Since 

Fehling’s and osazone reactions are irreversible, the equilibrium shifts to restore the 

low concentration of the aldehyde as it is depleted through reaction, and ultimately 

all the aldose react. The bisulphite addition, on the other hand, is reversible and 

enough aldehyde remains in equilibrium with the bisulphite addition product to 

satisfy the equilibrium with the anomeric forms. As a consequence, no noticeable 

reaction occurs.] 

Determine whether D-glucose possesses a furanose or pyranose ring structure 

from the final products in the following reaction sequence: 


MeOH/HCl , y _Me,SQ,. p _dil HCl | @ _HNO, 


D-Glucose NaOH (01 


2,3-Dimethoxysuccinic + 2,3,4-Trimethoxyglutaric 
acid acid 


[Hint: If the ring is five-membered (furanose), 2,3-dimethoxysuccinic acid, 
dimethoxy glyceric acid and methoxyethanoic acid are expected to be obtained 
finally.] 

Draw the more stable chair conformation of a-D-fructopyranose. How does it differ 
from the B-D-fructopyranose? 

The general mechanism for the first stage of acid-catalyzed acetal hydrolysis is as 
follows: 


H® fast Slow H,0:, fast 


R,C-4O—R’ 22 MeOH + |R,C 


R,C—G—R’ 


mi, Nu 
Pp 


@, 
0 
H’ ‘Me 


OH [fe6: 


| 
R,C—O—R’ + H,0° 
Hemiacetal 


ha ge eee scion 
Basing on the above general mechanism suggest a reasonable explanation for each 
of the following observations: 
(a) Methyl o-D-fructofuranoside (I) undergoes acid-catalyzed hydrolysis some 
10° times faster than methyl a@-D-glucofuranoside (II). 


CH,OH 
HOCH, “ CH,OH Oi 
Ny aie H\OH H/ocH, 
OH H H OH 
I II 


(b) The £-methyl glucopyranoside of 2-deoxy-D-glucose (III) undergoes hydrolysis 
several thousand times faster than that of D-glucose (IV). 


H H 
CH,OHo CH,OHo 
HO H HO H 
H OMe H OMe 
HO it if HO OH if 
H H 
III IV 


16. How would you carry out the following transformation? 


H o 4&5 H o0 OH 
woH,c\# 10 /by,01 : woH,¢\H HO eee 
OH 4H OH 4H 


A B 


{[Hint: This may be carried out by protecting two pairs of adjacent -OH groups by 
forming isopropylidene or acetonide derivative by allowing the sugar to react with 
acetone in the presence of acid catalyst followed by oxidation and hydrolysis. 
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H 


Me,C=O + HOH,C 


17. Methyl glycosides of 2-doxy sugars may be prepared by the acid-catalyzed addition 
of MeOH to unsaturated carbohydrates known as glycals. 


OH OH 
CH,OH_6 CH,OH 9 CH,OHO 
MeOH H H 
e 
H > H H + H OMe 
sa acs HO HO 
H OMe u H 


D-Galactal 


OH 


Methyl 2-deoxy-a-D- Methyl 2-deoxy-f- 
lyxopyranoside D-lyxopyranoside 


Suggest a reasonable mechanism for this reaction. 
18. Predict the product (A) of the following reaction and explain its formation: 


H 
CH,OH 9 no 
HO H + Ph3CCl ———> A (CogHog0¢) 
HOE . 
OH 
u OMe 


19. Write down the Fischer projection of the open-chain form of each of the following 
sugars: 
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CH,OH 
CH,0H 9 HO |: oe) H 
HO H 
(a) H CH,OH (b) H UW 
HO a OH 
OH 
OH OH 
H H OH 
HOCH, \~° fo a H a 
(c) 2 OH (d) H 
: H5C2 OH 


20. Give the products of HIO, oxidation of each of the following compounds. How many 
moles of the reagent is consumed per mole of substrate in each case? 


(a) L-Ribose (b) D-Xylose 
CH,OH 
HO i120 OMe 
(c) Methyl a-D-glucopyranoside (d) 
OH H/y 
H OH 


HOCH, 0 CH,OH 


(e) 


OH H 
21. On the basis of your knowledge of steric effects in six-membered rings, predict the 
preferred form (a- or B-pyranose) at equilibrium in aqueous solution for each of the 


following: 
(a) L-Xylose (b) D-Gulcose 
(c) L-Talose (d) D-Lyxose 


22. Under proper reaction conditions D-glucose reacts with PhCHO in the presence of 
acid catalyst to give 2,4-O-benzylidene-D-glucose. 


23. 


24, 


25. 


26. 
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H 
CH,OH 9 CH,OH - 
HO i H® la O 
+ PhCHO —> OH 
H 
HO aa it 
H~ ~Ph 


a-D-Glucopyranose 
2,4-O-Benzylidene-D-glucose 

This compound is reduced to 2,4-O-benzylidene-D-glucitol, which, when treated 
with HIO,, the benzylidene derivative of an aldopentose is obtained. Hydrolysis of 
the latter compound yields the aldopentose. Write down the structure and name of 
the aldopentose. 
Outline chemical tests that will distinguish between each of the following: 
(a) L-Glucose and L-fructose 
(b) D-Mannose and methyl B-D-mannopyranoside 
(c) Methyl a-D-arabinofuranoside and methyl o-D-mannopyranoside 
(d) L-2-Deoxyglucose and L-3-deoxyglucose 
(e) Methyl B-D-ribofuranoside and methyl 2-deoxy-$-D-ribofuranoside 
Give stereochemical formulas for the products A through D, and identify the final 
products: 


KMnO, 1. HCOOOH 
>C < ~ 
meso 2.H30 
A <9 Rut taal SB 
Linlar’s ? Lig. NH3 
cat. 
1.HCOOOH . pn < KMn0O, 
@ : 
2.H30" (racemic) 


‘X is areducing hexose (CgH,,0¢) which gives D-glucitol (D-sorbitol) upon reduction 
with sodium borohydride (NaBH,), but when treated with phenylhydrazine 
(PhNHNH,) it yields an osazone different from that of D-glucose. Identify the 
hexose ‘X’. 

[Hint: ‘X’ is L-gulose.] 

Two L-aldohexoses, other than L-glucose, yield the same six-carbon aldaric acids 
when oxidized. Degradation of these aldohexoses to the corresponding aldopentoses 
followed by oxidation give two different five-carbon aldaric acids, one of which is 
optically active and the other is optically inactive. Both of the aldohexoses may 
be converted into their methyl glycopyranosides which, when oxidized with HIO,, 
give the same compound as that obtained by similar treatment of D-glucose. 
Write down the Fischer projections of these two aldohexoses and trace the above 
reactions. 

[Hint: The two aldohexoses are D-altrose and D-talose.] 
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30. 


31. 
32. 


33. 


34. 


35. 
36. 


37. 


Suggest chemical reactions to prove the simultaneous existence of pyranose, 

furanose and open-chain structures of D-glucose in aqueous solution. 

Explain the formation of a diacetal when D-glucose is treated with Me,C=O under 

acidic conditions. Show how this reaction can be used for selective methylation of 

C-3 —OH group of D-glucose. 

“Dilute acid hydrolysis of D-glucose-1-phosphate differs from ordinary alkyl esters 

in two ways; it is abnormally fast and takes place with cleavage of C—O bond” give 

reasons. 

{[Hint: o-D-Glucopyranosyl phosphate undergoes ready hydrolysis in dilute acid 

involving cleavage of the C-1—O bond and this is because the —O(P=O)(OH), group 

is a better leaving group and the resulting carbocation is stabilized by resonance. 

On the other hand, ordinary alkyl esters (RCOOR’) undergoes hydrolysis in dilute 

acid involving acyl-oxygen bond cleavage. The process is relatively slow because it 

proceeds through a tetrahedral intermediate.] 

Diisopropylidene derivative of D-glucose but not that of D-galactose can be 

alkylated at C-3 position. Give reason. 

Explain the fact that in dry methanol there is 50% of a-D-(+)-glucopyranose. 

An aldopentose [P] can be oxidized with dil. HNO; to an optically active aldaric acid. 

A Kiliani—Fischer synthesis starting with [P] gives two new aldoses [Q] and [RI]. 

The aldose [Q] can be oxidized to an optically inactive aldaric acid, but the aldose 

[R] is oxidized to an optically active aldaric acid. Assuming the D-configuration, 

give the structures of [P], [Q] and [R] and also justify the assignments. 

Discuss the validity of the following statements: 

(a) Glucose is the only aldose that mutarotate. 

(b) Glycosides mutarotate. 

(c) There is a relationship between the ability of a sugar to mutarotate and to 
reduce Fehling’s reagent. 

(d) D-Mannose and D-galactose are epimeric hexoses. 

(e) oaD-Glucopyranoside is the mirror image of B-L-glucopyranoside. 

(f) The periodic acid oxidation of D-mannose is faster than that of D-glucose. 

What happens to an aldopentose when warmed with dilute acid? Give the 

mechanism of the reaction involved. 


Hint: HOCH,(CHOH),CHO “#55 { \. 
An aldopentose O CHO 


Furfural 


How can you distinguish an aldohexose from a ketohexose through HIO, oxidation? 
When the C-4 epimer of D-glucose is treated with NaBH,, the product is optically 
inactive. Explain this loss of optical activity. 

Show the steps and name the reaction for the overall process: 


PhNHNH 
D-Glucose — 25% ee Sy ee 


39. 


40. 


41. 
42. 


43. 
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Supply structures A through D: 
D-Glucose Se >A ae Sha Panes —+D 
[Hint: Step-down of the sugar chain by the Wohl degradation. ] 
How would you carry out the following transformations? 
(a) Methyl D-glucopyranoside > Methyl D-glucofuranoside 
(b) D-Glucose — AcOCH,(CHOAc), CH,OH (Aldehydo-D-glucose pentaacetate) 
(c) D-Allose ~ CH,(CHOH),CH,OH 
(d) D-Arabinose > D-Fructose 
(e) D-Glucose > 3-Deoxy-D-glucose 
Explain the formation of a diacetal when D-glucose is treated with acetone under 
acidic condition. Show how this reaction can be used to selective methylation of 
C-3 —OH group of D-glucose. 
Why D-glucose is called dextrose, but D-fructose is called levulose? 
Identify the optically active compound A(C,H,,0,) which reduces Fehling’s solution 
and responds to the following reactions: 
HCN hydrol. HI/P 


A > >—{> 2-Methylhexanoice acid 
PhNHNH,(Xs) 
AcOH D-Glucosazone 


Give the structures of the products A-D and rationalize their formation: 


D-Glucoga ss We op Fo Sp 


HCl ZnClg base H,0 
{Hint: 
) = ) 
H—WH\— OH MeOH H——\— OH PhCHO H———_ OH 
HO——_——_H O HCl HO——_——_-H O @Cl, HO————H O 
H—W-0OH/ H—~—— OH/ H—+—O ( 
H H H CHPh 
CH,OH CH,OH CH,-07 
D-Glucose A B 
Mel | pase 
CHO CHOMe 
H OMe se H—+— OMe 
MeO H < 7G MeO H O 
H OH > H——_0, ; 
H OH H— 
J CHPh 
CH,OH C QS 
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48. 


49. 


50. 


51. 


Compare the rate of bromine-water oxidation of o-D-glucopyranose and f£-D- 

glucopyranose. 

What is the pre-condition for the formation of cyclic ketal with acetone in H,SO, 

for a D-hexose? 

[Hint: Acetone condenses with cis-hydroxyl groups on adjacent carbon atoms.] 

Draw the more stable chair conformation for each of the following: 

(a) o-D-Arabinopyranose (b) BD-Allopyranose 

(c) {£L-Glucopyranose (d) B-D-Glucopyranose 

(e) {£D-Xylopyranose (f) B-D-Fructopyranose 

The methyl glycoside A on HIO, oxidation yields the same product as that obtained 

from methyl o-glycosides of the D-aldohexoses. However, it consumes only one 

mole of HIO, and yields no formic acid. 

(a) How many carbon atoms are there in A and what is the ring size? When A is 

methylated, hydrolyzed, and then vigorously oxidized by HNOs, the dicarboxylic 

acid obtained is the di-O-methyl ether of (—)-tartaric acid. Predict the complete 

structure and the configuration of the glycoside A. 

What do you mean by the term ‘anomeric effect’? Give plausible explanation for 

anomeric effect. 

(a) Explain why D-fructose reduces Fehling’s solution although it is a ketohexose. 

(b) D-Glucose reacts with Ac,O to give two isomeric pentaacetates neither of 
which reduces Fehling’s or Tollens’ reagent. Account for these observations. 

When any of D-glucose, D-fructose or D-mannose is separately treated with alkali, 

we get a mixture of three monosaccharides. Identify them and give the necessary 

mechanism to explain this fact. 

When D-(+)-glucose is treated with Me,.C=O under acidic conditions, a diacetal of 

the furanose form of glucose forms slowly. Explain why the diacetal has a furanose 

rather than the usual pyranose ring structure. 


Me, ,O—CHp 
H 
CH,OH Mé ‘O—CH -O H 


HO H HCl 


H OH + 2Me,C=O ——> OH H 
mo OH ? " 


H o H bm 
B-D-Glucose Me 
A di-O-isopropylidene- 
a-D-glucofuranose 
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H 
H CH,OH 9 Po\~0 . 
HO PhCHO O 
HO H er OMe H® HO a OMe 
H H H H 


9.3 DISACCHARIDES 


When the hemiacetal group of a monosaccharide molecule forms an acetal by reacting 
with an —OH group (anomeric or other) of another monosaccharide molecule, a glycoside 
is formed. This is what is called a disaccharide. Disaccharides are, therefore, compounds 
with two monosaccharide subunits hooked together by an acetal linkage. Maltose, for 
example, is a disaccharide obtained from the hydrolysis of starch. It consists of two 
D-glucose subunits hooked together by an a-1,4’-glycosidic linkage (the linkage between 
C-1 of one sugar subunit and C-4 of the other). That C-4 is not in the same ring as C-1 
is indicated by the ‘prime’ superscript. Since the oxygen atom involved in the glycosidic 
linkage is in the q@-position (axial when a sugar is shown in a chair conformation), the 
linkage is an a-1,4’-glycosidic linkage. 


Two D-glucose 
subunits 


The configuration 
H of this carbon is 
unspecified 


OH 


An a-1,4’-glucoside 
linkage H H 


Maltose 


Since maltose can exist in both a and £ forms, the structure of maltose is shown without 
specifying the configuration of the anomeric carbon (C-1’) that is not an acetal. In 
a-maltose, the anomeric —OH group is axial, whereas in B-maltose the anomeric -OH 
group is equatorial. Maltose is a reducing sugar because the right-hand subunit is a 
hemiacetal and, therefore, remains in equilibrium with the open-chain aldehyde form. 


Other common disaccharides are sucrose, lactose and cellobiose. 
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9.3.1 General Structure of Disaccharides and the Common Glycosidic Bonding 


Arrangements Found in Naturally Occurring Disaccharides 


A disaccharide is a glycoside in which the anomeric —OH group of one monosaccharide unit 
is bonded by an acetal linkage to any of the hydroxyl groups (anomeric OH or alcoholic 
OH) of a second monosaccharide unit. 


There are three glycosidic bonding arrangement in naturally occurring disaccharides. 


(i) 


(ii) 


1,4- linkage: The anomeric carbon of the first sugar unit is bonded to the oxygen 
atom on C-4 of the second sugar unit. The 1,4-linkage, for example, present in 
the disaccharide cellobiose, maltose and lactose. The structure of cellobiose is as 
follows: 


B-Glycosidic 
linkage 


H Second 
O os unit 
First OH 
glucose unit 
H 


Cellobiose 


[The anomeric carbon of the first glucose unit is linked through an equilateral (f) 
C—O bond to C-4 of the second glucose unit.] 

1, 6 linkage: The anomeric carbon of the first sugar unit is bonded to the oxygen 
atom on C-6 of the second sugar unit. The 1,6 linkage, for example, present in 
gentiobiose. Its structure is shown below: 


First H 
glucose unit HO 


Second 
H H O ZA glucose unit 
HO OH 
HO 
H 
H 
Gentiobiose 


[The anomeric carbon of the first glucose unit is linked through an equatorial (f) 
C—O bond to C-6 of the second glucose unit.] 


(111) 
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1,1 linkage: The anomeric carbon of the first sugar unit is bonded through an 
oxygen atom to the anomeric carbon of the second sugar unit. The 1,1 linkage, for 
example, present in sucrose. Its structure is as follows: 


H 
CH,0H_O 
HO 
The glucose 
: HO H =e 
unit a-Glycosidic 
——— linkage on glucose 


O B-Glycosidic 
HOH,C cn linkage on fructose 


The fructose 
unit a H On CH,OH 


OH H 


Sucrose 


[It is composed of one glucose unit and one fructose unit bonded by an O atom 
linking their anomeric carbons. ] 

The 1,4 and 1,6 glycosidic linkages result in formation of reducing disaccharides 
because in that case one of the sugar unit remains in the hemiacetal form and 
therefore remains in equilibrium with its open-chain aldehyde form. On the other 
hand, the 1,1 glycosidic linkage results in formation of non-reducing sugars because 
in that case both of the monosaccharide units remain as acetal. 


9.3.2 Sucrose (case or beet sugar, C,.H,0,,) 


Sucrose is the most common disaccharide. It is our common table sugar, obtained from 
sugar cane and sugar beets. Of organic chemicals, it is the one produced in the largest 
amount in pure form. About 90 million tons of sucrose are produced in the world each 
year. Sucrose does not reduce Tollens’ or Fehling’s reagent. It is a non-reducing sugar 
and in this respect it differs from other disaccharides like maltose, lactose and cellobiose. 
Moreover, sucrose does not form an osazone, does not exist in anomeric forms, and does 
not exhibit mutarotation in solution. All of these observations indicate that sucrose cannot 
equilibrate to an open-chain form containing a free aldehyde or ketone group. 
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Sucrose consists of a D-glucose subunit and a D-fructose subunit linked by a glycosidic 
bond between C-1 of glucose (in the a-position) and C-2 of fructose (in the f-position). 


H 
CH,OH 9 


HO 
subunit HO OH a-linkage 
H 


| 
at glucose 


O 


B-linkage 
——= 
HOCH, oO at fructose 


D-fructose 
subunit H HO CH,OH 


OH H 


Sucrose 


Sucrose is dextrorotatory, [|p = +66.5°. When it is hydrolyzed by dilute aqueous acid, or 
by the action of the enzyme invertase (from yeast), it yields equimolar amounts of D-(+)- 
glucose and D-(—)-fructose. Since D-(—)-fructose has a greater specific rotation (—92.4°) 
than D-(+)-glucose (+52.7°), the resulting 1:1 mixture is levorotatory. The hydrolysis 
accompanied by a change of rotation from positive to negative is known as the inversion of 
cane sugar and the 1:1 mixture of glucose and fructose is called invert sugar. 

Honeybees have the enzyme invertase, so the honey they produce is mostly inverted sugar, 
l.e., a mixture of sucrose, glucose and fructose. Inverted sugar is sweeter than sucrose 
because fructose is sweeter than sucrose. 


Fischer, Haworth and Conformational Formulas of Sucrose In sucrose the 
glucose unit is present as a@-anomer and the fructose unit as B-anomer. Then starting 
from D-glucose and D-fructose one may draw the Fischer, Haworth and conformational 
formulas as follows: 
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9.3.2.1 Elucidation of Structure of Sucrose 


The structure of sucrose has been established from considerations of the following facts 
and conclusions therefrom. 
1. Elemental analysis and molecular mass determination show that the molecular 
formula of sucrose is C9H 9.043. 
2. Hydrolysis of sucrose by dilute aqueous acid yields an equimolar mixture of D-(+)- 
glucose and D-(—)-fructose. This observation suggests that the sucrose molecule is 
made up of one unit of each of these monosaccharides. 


cas ie eae oat eee ae tt sini 
3. Sucrose does not reduce Fehling’s and Tollens’ reagents. Also, it does not form 
an oxime or an osazone and does not exhibit mutarotation. This indicates that 
neither the —CHO group in glucose unit nor the ,C=O group in fructose unit is 
free in sucrose. Therefore, a tentative structure of sucrose is one in which the two 
molecules, glucose and fructose and joined together through glycosidic linkage, 
i.e., the anomeric carbons of both the glucose and fructose units must be linked 
through an oxygen bridge in sucrose. Hence, sucrose is a glucosyl fructoside or 
equally, a fructosyl glucoside. 
4. Whensucroseis methylated with Me.SO,/NaOH, octa-O-methylsucrose is obtained. 
This, on hydrolysis with dilute HCl, gives 2,3,4,6-tetra-O-methyl-D-glucose (I) and 
1,3,4,6-tetra-O-methy]-D-fructose (II). 


CygHy409(OH)g 259°? CrgH4O3(OMe), -il HC! 
Sucrose Octa-O-methylsucrose 
H - MeOCH, _O 
cH OMS OH 
med H as H MeO CH,OH 
Meo " 
° OMe “oH 
H I OMe Ul H 
2,3,4,6-Tetra-O-methyl- 1,3,4,6-Tetra-O-methyl 
D-glucopyranose D-fructofuranose 


It has been determined by oxidation method that methyl groups are absent on C-5 
of these two products. This clearly indicates that the -OH groups located on these 
carbons are involved in formation of the oxide ring. It thus becomes clear that the 
glucose and fructose units in sucrose are present as six-membered (pyranose) and 
five-membered (furanose) ring, respectively. 

The size of the two rings in sucrose may also be determined by periodic acid 
oxidation. Sucrose consumes three moles of periodic acid, whereby one mole 
of formic acid and one mole of a tetraaldehyde are formed. When this tetra 
aldehyde is oxidized with bromine-water and the resulting tetracarboxylic acid 
is hydrolyzed by dilute acid 3-hydroxy-2-oxopropanoic acid (hydroxypyruvic acid, 
HOCH,.COCO,H), oxoethanoic acid (glyoxylic acid, OHC—CO.H) and D-glyceric 
acid (HOCH,CHOHCO,H) are obtained. From these products it has further been 
established that the glucose unit in sucrose is present as a six-membered (pyranose) 
ring and the fructose unit is present as a five-membered (furanose) ring. 
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; Oo——*+ CH,OH 
H—;—0OH HO—*}—H 3HIO, 2 | 3 ‘ 
HO —H OQ al oH 0 or slr? cae a + HCOOH 
i—4 on / an i ‘CHO / “CHO ic aci 
pod OH a os ee Formic acid 
CH,OH °CH,OH °CH,OH °CH,OH 
Sucrose A tetraaldehyde 
‘CHO CHOH ) 220 
*CO.H “C=0 
Glyoxylic *CO.H : aa Dae 
acid Hydroxypyruvic H O CH,OH 
acid \ H,0°® *CO.H | 3CO,H 
O O 
4 4 
4C0,H “CO,H CO;H CO;H ) 
5 i 5 ; ree H— 
H OH + H OH 6CH,OH °CH,OH 
°CH,OH °CH,OH A tetracarboxylic acid 


D-Glyceric acid D-Glyceric acid _/ 


5. The stereochemical nature of the glycosidic links, i.e., the anomeric configurations 
may be known from the result of enzymetic hydrolysis of sucrose. It is known 
that enzymes are highly specific catalysts for the hydrolysis of different types of 
glycosidic linkages. The enzyme maltose, for example, catalyzes specifically the 
hydrolysis of a-glucosidic bond. Since this enzyme hydrolyses sucrose, the glucose 
residue in sucrose is present as an a-glucoside. Similarly, the enzyme invertase 
which specifically catalyses the hydrolysis of B-fructosides, also hydrolyses sucrose. 
Therefore, the fructose residue in sucrose is present as B-anomer. 

From the above facts and conclusions therefrom the structure of sucrose is as 


follows: 


Glucose 
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H a-Glycosidic 
linkage 

B-Glycosidic 
linkage 


CH,OH 
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The results of X-ray studies and the synthesis of (+)-sucrose (1953) lead to the 
conclusion that (+)-sucrose is a beta D-fructoside and alpha D-glucoside. Sucrose 
may, therefore, be called either o-D-glucopyranosyl-f-D-fructofuranoside or B-D 
fructofuranosyl-o-D-glucopyranoside. 


Po SOLVED PROBLEMS TOT 


1. How do you account for the experimentally observed [a]p = -19.9° for 
invest sugar? 


Solution D-(+)-Glucose has a specific rotation of +52.7° and D-(—)-fructose has a specific 
rotation of —92.4°. The specific rotation of inverted sugar is one-half the sum of those of 
the individual monosaccharides. 


5[+52.7° +(-92.49)] = -19.9° 


2. Explain why sucrose is not a reducing sugar and does not exhibit 
mutarotation. 


Solution Sucrose is made up of a D-glucose unit and a D-fructose unit linked by a gly- 
cosidic bond between C-1 of glucose and C-2 of fructose. Both the carbonyl functions in 
sucrose are blocked as acetal. Because sucrose does not have a hemiacetal group, it is not 
in equilibrium with the readily oxidizable open-chain aldehyde or ketone form in aqueous 
solution. Because of this, it is not a reducing sugar and does not exhibit mutarotation. 
3. Explain why it requires three moles of HIO, for the oxidative cleavage of 
sucrose. 


Solution In glucose unit of sucrose, there is a —CH(OH)—CH(OH)—CH(OH)— moiety 
and in fructose unit, there is a —CH(OH) —CH(OH) — moiety. Since HIO, cleaves the 
bond between two OH containing carbon atoms, it requires two moles of HIO, for the glu- 
cose unit and one mole HIO, for the fructose unit. Hence, it requires 3 moles of HIO, for 
the oxidative cleavage of sucrose. 


H—— OH | HO——H ois «=. CHO | CHO 
HO—+— 6 H—+—OH 0) O 
H—+—OH }) H— CHO CHO J 
H— CH,OH H— H— 
CH,OH CH,OH CH,OH 
A tetraaldehyde 
HCOOH 


Formic acid 
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4, Suggest a mechanism for the following reaction: 


H—- O CH,OH CHO CH,OH CO.H 
COOH | COOH H,0° | | : 
ipa? COOH + C=O + ou—|-oH 


O O (hydrolysis) | 
CH,OH 
coon | COOH ; COOH . 
H | Glyoxylic Hydroxypyruvic D-Glyceric 
CH,OH CH,OH acid acid acid 


Solution This acetal undergoes hydrolysis in the presence of dilute acid as follows: 
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Hydroxypyruvic acid 
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5. Write the IUPAC name and structure of a disaccharide which is a reducing 
sugar. Explain why it is reducing in nature. 


Solution Lactose is a reducing sugar. Its structure is as follows: 


B-Glucosidic 
linkage 


6 
HO ¢H,OH YW 


OH 


- Glucose unit 


Galactose 
unit 


Chair conformation 
of lactose 


Its IUPAC name is 4-O-(B-D-galactopyranosyl)-D-glucopyranose. 


Lactose has a free hemiacetal ring (the glucose unit). This hemiacetal is in equilibrium 
with its open-chain form. Because of this, lactose is a reducing sugar. 

6. (a) Write equations for the sequence of methylation and hydrolysis as 
appled to (+)-sucrose. (b) What compounds are expected to be obtained 
when the final products of (a) are subjected to oxidative cleavage. 

Solution 


(a) See article no. 9.3.2.1. 


1 i 
(b) CHO CO,H 
H—+— OMe H—}— OMe 
6 
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A trimethoxyglutaric acid 
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MeOCH, © oH HO—1— CH,0Me HO—+— CO,H 
HNO; 0 
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H MeO = ff —oMme ; H—+—oMe | 
H CH,OMe a H 
OMe H CH,OMe CH,0OMe 
Kon0,|H.80, 
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CO,H 
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P| STUDY PROBLEMS DO 


Mention a chemical test that will distinguish between sucrose and maltose. 
Account for the fact that sucrose is a non-reducing sugar but reduces Fehling’s 
solution after heating with dilute HCl. 

What is invert sugar and why is it so named? 

Draw common types of glycosidic linkages and recognize these linkages in 
disaccharides and polysaccharides. 

Explain why maltose are lactose and reducing but sucrose is non-reducing. 
Explain why dextrorotatory sucrose solution shows a gradual drop in optical 
rotation with time in aqueous HCl until it shows no optical rotation and after that 
it begins to show laevorotation. 

[Hint: Sucrose ([Q]p = +66.5°) on hydrolysis yields equimolar amounts of D-glucose 
(Lop = +52.7°) and D-fructose ([a]p = —92.4°). The solution of sucrose in aqueous 
HCI shows a gradual drop of optical rotation because the amount of fructose with 
higher negative rotation gradually increases and the amount of sucrose decreases. 
When the amounts of sucrose, glucose and fructose is such that the mean rotation 
of the components is zero, the solution shows no optical rotation. When the amount 
of fructose increases more, the mean rotation becomes negative, and then the 
solution begins to show laevorotation.] 
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10. 


11. 


12. 


13. 
14. 


15. 


16. 


17. 


18. 


19. 


Write the Haworth structure of D-sucrose. 

Prove that the glucose portion of sucrose is a pyranoside and the fructose portion 

is a furanoside. 

When (+)-sucrose is hydrolyzed enzymatically, the D-glucose initially obtained 

mutarotates downward to +52.7°. What does this fact suggest about the structure 

of (—)-sucrose? 

[Hint: Sucrose is an a-glucoside.] 

What would be the molecular formula of (+)-sucrose if C-1 of the glucose unit 

remains attached to, say, C-4 of the fructose unit, and C-2 of the fructose unit 

remains attached to C-4 of the glucose unit? Would this sugar be a reducing or a 

non-reducing one? 

[Hint: C,.H,,0;) ; non-reducing] 

(a) Comment on the general structure of disaccharides. 

(b) What sequence is used for drawing the monosaccharide units present in 
disaccharides? 

[Hint: (a) A disaccharide is a glycoside in which the anomeric OH of one 

monosaccharide is bonded by an acetal linkage to an —OH group of a second 

molecule of monosaccharide, called the aglycone. The aglycone contains a typical 

ether linkage. 

(b) The aglycone is the end monosaccharide unit on the right.] 

Sucrose crystallizes much more readily than most sugars, a fact that has been 

associated with the fact that it does not undergo mutarotation. How might absence 

of mutarotation contribute to the ease of crystallization? 

Explain why sucrose can be called fructosyl glucoside or a glucosyl fructoside. 

Sucrose can be cleaved using three equivalents of periodic acid or sodium periodate. 

Outline the course of that oxidative cleavage. 

(a) What monosaccharides will be formed by the acid-catalyzed hydrolysis of 
sucrose? 

(b) Provide a mechanism for this reaction. 

Sucrose does not exhibit mutarotation when dissolved in water, but when sucrose 

is warmed with dilute acid its rotation changes from positive value to a negative 

value. Explain. 

What happens when sucrose is subjected to periodic acid oxidation followed by 

treatment with Br./H,O and hydrolysis with aqueous acid? 

Give the products obtained from the acid-catalyzed hydrolysis of completely 

methylated sucrose. 

Give the IUPAC names of sucrose. 
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9.4 POLYSACCHARIDES 


Polysaccharides are naturally occurring polymers, which can be considered as derived 
from aldoses or ketoses by polymerization involving loss of water. These polymers contain 
as many as several thousands of monosaccharide units per molecule. As in disaccharides 
these units are held together by glycosidic linkages, which can be cleaved by hydrolysis. A 
polysaccharide derived from hexoses, for example, has the general formula (C,gH,,0;),,. As 
with other polymers, it is important to know (i) which specific monomers are involved in 
polymer information, (ii) the method of linkage between the monomers, and (iii) the gross 
structure of the polymer. If the polymer contains more than one type of monosaccharide, 
then the sequence of sugars is also important. 


The two most important naturally occurring polysaccharides are starch and cellulose. 
Both of these are produced in plants from CO, and water by the process of photosynthesis 
and both are made up of D-(+)-glucose units. Cellulose is the chief structural material of 
plants, giving plants rigidity and form. It plays a vital role in our society. As wood, cellulose 
provide shelter; as wood pulp, it is the basis of paper without which it is hard to imagine 
our civilization. Cellulose is also the major constituent of cotton, the most important 
natural fibre. Starch is the mainstay of many diets, since it is the major compound present 
in rice, potatoes, wheat, and corn. It is more soluble in water compared to cellulose, more 
easily hydrolyzed, and hence more readily digested. 


9.4.1 Starch 


Starch is the major source of energy in plant cells. It occurs as granules whose size and 
shape are characteristic of the plant from which it is isolated. In general, starch contains 
about 20% of a water-soluble fraction called amylose and 80% of a water-insoluble fraction 
called amylopectin. Both of these can be hydrolyzed in acid to give only D-glucose. This 
behaviour suggests that, since both polymers contain the same monomer, the important 
difference between them must exist in the style of bonding within these polymers. 


9.4.1.1 Structure of amylose 


(+)-Maltose is the only disaccharide and D-(+)-glucose is the only monosaccharide that are 
obtained by hydrolysis of amylose. To account for this observation, it has been proposed 
that amylose is made up of chains of many D-(+)-glucose units, each unit joined by an 
a-glycosidic linkage to C-4 of the next unit. A partial structure of amylose is shown as 
follows: 
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a-1,4 
Glycosidic linkage 


Amylose 
(an a-1,4 polymer of D-glucose) 


Physical measurement suggest that the molecular mass of amylose is about 40,000, i.e., 
it is a polymer containing upwards of 200 monosaccharide units. This is supported by 
chemical analysis. 


Starch-iodine Test The famous starch-iodine test, the development of a blue colour when 
starch is mixed with iodine, is better considered an ‘amylose-iodine test’ since it is the 
amylose in starch that is responsible for most of the colour. It is believed that the helical 
structure of amylose serves as the basis for this interesting and useful test for starch (as 
well as for iodine). The inside of the helix is just the right size and polarity to accept an 
iodine (I,) molecule. When iodine is trapped by amylose within this helix, a deep blue 
starch-iodine charge-transfer complex is formed. At high temperatures, the helix partially 
unwinds and then fewer iodine molecules are trapped to give reddish brown colour. On 
cooling, the helix reforms, enclosing more iodine molecules, and the original blue colour is 


redeveloped. 
a 
Amylose 
chain aaa OO () 


Amylose—iodine complex 
(deep-blue) 


9.4.1.2 Structure of Amylopectin 


Amylopectin is hydrolyzed to the disaccharide (+)-maltose. Therefore, like amylose, it is 
also made up of chains of D-glucose units; each unit is joined by an a-glycosidic linkage 
to C-4 of the next one. That is, it is also primarily an a-1,4 polymer of D-glucose. Its 
structure is, however, more complex than that of amylose. The difference between amylose 
and amylopectin is that the latter has a highly branched structure consisting of several 
branched short chains of about 20-25 D-glucose units each. The chain, which starts at 
each branch point, is connected to the main chain by an o-1,6 glycosidic linkage. A partial 
structure of amylopectin, including one branch point is shown below: 
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This polyglucoside side chain 

is connected to the number six 
carbon atom of about each 20th to 
25th glucose unit of the main chain 


Amylopectin H Oo— 
(a branched a-1,4 polymer of D-glucose) 


Physical measurements indicate that amylopectin has a molecular weight of one to six 
million; therefore, amylopecton consists of hundreds of interconnecting chains of 20-25 
glucose units each. 


9.4.2 Cellulose 


Cellulose is the main constituent of plant cell walls. Cotton and flux are over 90% cellulose 
and wood is 40-50% cellulose. Hydrolysis of cellulose produces D-glucose. Humans do 
not have enzymes that can hydrolyze cellulose and thereby utilize its component glucose. 
Cellulose undergo hydrolysis by a group of enzymes known as cellulases. The cellulases, 
which are generated by bacteria and fungi, are capable of breaking the f-glucoside linkage. 
Cud-chewing animals like cows, as well as insect pests, termites, can utilize cellulose as 
a source of glucose and this is because they possess parasitic bacteria which provide this 
particular group of enzymes. 


9.4.2.1 Structure of Cellulose 


The structure of cellulose is a linear sequence of glucose units linked by 1,4-glucoside 
bonds. In cellulose, all the glucosidic configurations are B. The poly-f-glucoside structure is 
an energetically favourable configuration because all substituents are placed in equatorial 
position. 
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Cellulose 
(a B-1,4 polymer of D-glucose) 


1. Write down the names of two ubiquitous plant polysaccharides consisting 
of only D-glucose units. 


Solution Starch and cellulose are the two ubiquitous plant polysaccharides consisting of 
only D-glucose units. 

2. Amylose (the water-soluble portion of starch) is hydrolyzed partially to 
maltose and a-D-glucose. On methylation followed by hydrolysis, 2,3,6-tri- 
O-methyl1-D-glucopyranose is mainly obtained. Comment on the structure 
of amylose. 


Solution Amylose is composed of maltose units strung together in a chain where the ano- 
meric —OH of one glucose unit is bonded to the C-4 —OH of another glucose unit. Forma- 
tion of a-D-glucose indicates that the glycosidic linkage is a. 

3. What do you mean by glycogen? How does it differ from starch? 


Solution Glycogen is the reserve polysaccharide of animals, whereas starch is the reserve 
polysaccharide for plants. 
4, What is cellulose? What is the structural difference between cellulose and 
starch? 


Solution Cellulose (a polymer of glucose units linked by f-1,4-glycosidic linkage) is the 
most abundant naturally occurring organic compound on earth. It is the chief component 
of wood and plant fibres. 


Cellulose differs from starch is having B-1,4-glucosidic linkages and not a. Also, it contains 
more glucose units, giving it a higher molecular mass. 
5. Do amylose and amylopectin give the same colour with iodine? Give your 
reasoning. 


Solution Although amylose gives a deep blue colour with iodine, amylopectin gives a less 
intense red-brown colour because the helical structure is disrupted by the branching of 
the chain. 
6. When amylose is methylated with Me,SO,/NaOH and then hydrolyzed, 
about 0.5% of the product is 2,3,4,6-tetra-O-methyl-D-glucose is obtained. 
Explain the origin of this compound. 
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Solution 2,3,4,6-Tetra-O-methyl-D-glucose is obtained by the reaction of the glucose unit 
at the left end of the polymer which has a free C-4 OH. 


re 


What is dextrin (corn syrup)? 


Solution Mild hydrolysis of starch with dilute acid produces dextrin (corn syrup) which 
is, in fact, a mixture of maltose, D-glucose and branched oligosaccharides. It is often a 
component of infant diets because it is easily digested. 


Po STUDY PROBLEMS PO 


1. 
2. 
3 


10. 


11. 


What is the major source of energy in plant cells? 

What are the two major fractions of starch? 

Why do the cellulose molecules remain relatively intact when various pulping 
processes are carried out? 

Which enzyme, found in plants, hydrolyzes starch to maltose. 

[Hint: B-amylase.] 

Indicate how the three polymethyl D-glucose molecules obtained on methylation 
followed by hydrolysis of amylopectin support the proposed structure. How would 
the products obtained on similar treatment of amylose differ? 

Write down two major nonnutritional applications of starch. 

{[Hint: The two major nonnutritional applications of starch are as sizing agents to 
improve the strength of fabrics and the writing quantities of paper surfaces.] 
What is the reason of general resistance of cellulose to chemical reactions? 

{Hint: Its fibrous structure.] 

The markedly different water solubilities of amylose and amylopectin is due to the 
gross structural difference between them. Explain. 

Starch is a non-reducing polysaccharide derived from D-(+)-glucopyranose. What 
conclusion can be drawn from this fact regarding the structure of starch? Give a 
partial structure of starch in Haworth projection. 

What is cellulose? What is its main constituent. Give its partial structure in Fischer 
as well as Haworth projections. 

Write down a simple test for starch. Indicate the change that occurs when the test 
is performed at elevated temperatures. 
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Living organisms produce three types of organic polymers, called biopolymers, which are, 
in fact, essential for life processes. These three important groups of biological polymers 
are polysaccharides, proteins and nucleic acids. We studied polysaccharides in Chapter 9. 
Polysaccharides function mainly as energy reserves, as biochemical labels on cell surfaces, 
and, in plants, as structural materials. In this chapter, we will study proteins and nucleic 
acids. Among the three major classes of biomolecules, proteins have the widest array of 
functions. As molecules, they form critical structures. Keratin and collagen, for example, 
are part of a large group of structural proteins that form long insoluble fibres, which give 
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strength and support to tissues. Skin, hair, horns and nails are all made up of keratin. 
Collagen is found in connective tissue, tendons, cartilage and bone. Our body is thereby 
provided with the means for movement. As enzymes they serve as catalyst to affect 
chemical reactions and thereby regulate all aspects of cellular function. As hormones they 
control many body functions, including, metabolism, growth and reproduction. Insulene, 
the hormone that regulates blood glucose levels, hemoglobin, which transport oxygen 
from lungs to all the tissues, and fibrinogen and thrombin, which form blood clots, are all 
proteins. 


Nucleic acids serve two major purposes: storage and transmission of information. There are 
two types of nucleic acids: deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). DNA 
encodes an organism’s entire hereditary information and controls the growth and division 
of cells. In almost all organisms, the genetic information stored in DNA is transcribed into 
RNA. This information is then translated for the synthesis of all the proteins required for 
cellular structure and functions. For these reasons, we have to know the structures and 
properties of these nucleic acids and of their components, nucleotides and nucleosides. 


10.1 AMINO ACIDS 


Chemically peptides and proteins are polyamides of a@-amino acids (carboxylic acids 
containing an amino group at C-2 or q@-position). 


R—CH (R is a side chain at the a carbon that 
\co.H determines the identity of the amino acid) 


An a-amino acid 


The a-amino acids, which are normally obtained from naturally occurring proteins by the 
process of hydrolysis, are twenty in number and therefore, these a-amino acids are the 
building blocks of proteins. Ten of these a-amino acids are called essential amino acids. 


An amide bond (—CO—NH-—) between the carboxylic acid function of an amino acid and 
the amino nitrogen of another is called peptide bond or peptide linkage. a-Amino acids 
are linked together by peptide bonds in proteins. A dipeptide is a molecule consisting of 
two amino acids joined by a peptide bond. A tripeptide has three amino acids joined by 
two peptide bonds, a tetrapeptide has four amino acids, and a polypeptide contains many. 
Proteins are naturally occurring polypeptides made up of 40-4000 amino acid units, and 
so, the molecular mass of most proteins are much larger. They have important biological 
function. 


| Peptide bonds | 


0 Peptide bond 0 Va 0 
HyN—CH—C-NI—CH—COO® HyN—CH—CANE—CH—C Ae ea 
R R R R R 


A dipeptide A tripeptide 
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HjN—CH—CA(NH—CH—C NHCH—COO°? 
R R R 
A polypeptide or 
protein 


The name protein is taken from the Greek proteios which means first. The choice of the 
name rests upon the fact that of all chemical compounds, proteins must almost certainly 
ranked first, for they are the substance of life. 


10.1.1 Nomenclature, Classification and Structure of Amino Acids 
10.1.1.1 Nomenclature of Amino Acids 


Amino acids can be named according to the IUPAC convention, but they are generally 
known by their common names. For example, the amino acid NH,CH,COOH is known as 
glycine instead of 2-aminoethanoic acid. 


The common names of the amino acids are assigned on the basis of their source and 
properties. Glycine, for example, is named so, because it tastes sweet (Greek word ‘glykos’ 
means sweet). Similarly, tyrosine was first isolated from cheese (Greek word ‘tyros’ means 
cheese), and so on. The names of the amino acids are generally written in their three- 
letter abbreviated form such as gly for glycine, ala for alanine, etc. Sometimes one-letter 
abbreviations are also used. 


10.1.1.2 Classification of Amino Acids 


(a) Classification based on the number —NH, and —COOH groups 

(i) Neutral amino acids: Amino acids containing same number of —NH, and 
—COOH groups are known as neutral amino acids. These are further classified 
as follows: 1. amino acids containing aliphatic side chain, 2. hydroxy-containing 
amino acids, 3. sulphur containing amino acids, 4. benzene containing amino acids, 
5. heterocyclic amino acids and 6. amide containing amino acids or amides of acidic 
amino acids. 
Examples: Glycine, valine, phenylalanine, etc. 

(ii) Acidic amino acids: Amino acids with an additional —COOH group in the side 
chain are called acidic amino acids. When the amino acid contains a potential 
carboxyl group in the form of a carboxamide (—CONH,), it is also considered as an 
acidic amino acid. 

Examples: Aspartic acid, asparagine, etc. 

(iii) Basic amino acids: Amino acids with an additional basic group like an amino 
group, a guanidino group or an imidazole ring in the side chain are called basic 
amino acids. 

Examples: Lysine, histidine, etc. 


Se cheies eietreel cet nrteaeactanaeiehoneses acronis orien euenane nies Cgane cheney.» Mec inennedey 
(b) Classification based on ability of synthesis of human metabolic processes 

(i) Essential amino acids: Human body cannot synthesize 10 amino acids out of 20 
obtained from protein. So, these amino acids must be taken through diet. Normal 
growth and development of the body are retarded when there is a deficiency of 
these amino acids. These 10 amino acids are called essential amino acids. These 
are valine, leucine, isoleucine, phenylalanine, methionine, trytophan, threonine, 
arginine, histidine and lysine. 

(ii) Non-essential amino acids: The amino acids which are synthesized by human 
metabolic possesses are called non-essential amino acids. All amino acids except 
the 10 essential amino acids are non-essential amino acids. 

Examples: Glycine, alanine, serine, cysteine, cystine, tryptophan, tyrosine, etc. 


(c) Structure of amino acids 


The following table gives the structures and names of 23 amino acids of which only 20 
are actually used by cells when they synthesize proteins. Certain of these (marked e) are 
essential amino acids. 


Natural Amino Acids 


1. Neutral Amino Acids 


Name Abbreviations Structure 
1. Glycine Gly or G H— CH—COo,H 
NH, 
2. Alanine Ala or A CH,— CH—CO,H 
NH, 
3. Valine’ Val or V (CH3),CH— imac 
NH, 
4. Leucine® Leu or L (CH;),CHCH,— cule 
NH, 
5. Isoleucine’ Ile or I CH,CH,CH(CH3)— | oes 
NH, 
6. Phenylalanine” Phe or F 
(O)-CH,—CH—COLH 
NH» 
7. Methionine® Met or M CH, S CH,CH,— CH—CO,H 
| 
NH, 
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8. Tryptophan® Trp or W Cal 1. 
oe 
9. Serine Ser or S HOCH,— CH—CO,H 
NH, 
10. Cysteine Cys or C HSCH,— CH—CO,H 
NH, 
11. Cystine Cys-Cys HO,C— CH—CH,—S—S—CH,— CH—CO,H 
NH, NH, 
12. Threonine’ Thr or T CH, CH(OH)— CH—CO,H 
NH, 
13. Tyrosine Tyr or Y HO—C))—CH,—CH—CO,H 
NH, 
14. Proline Pro or P ae 
N“co,H 
15. Hydroxyproline Hyp HO 
2. Acidic Amino Acids 
Name Abbreviations Structure 
16. Asparagine Asn or N H,NCOCH,— CH—CO,H 
NH, 
17. Aspartic acid Asp or D HO,CCH,— CH—CO,H 
NH, 
18. Glutamine Gln or Q H,NCOCH,CH,— CH—CO,H 
NH, 
19. Glutamic acid Glu or E HO,C CH,CH,— CH—CO,H 
NH, 
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3. Basic Amino Acids 


Name Abbreviations Structure 
20. Arginine’ Arg or R H,N— C—NHCH,CH,— CH—CO,H 
| NH, 
21. Histidine® His or H N. 
ee 
N ae es 
NH, 
22. Lysine® Lys or K H,N(CH,),— CH—CO,H 
NH, 
23. Hydroxylysine Hyl H,NCH,CH(OH)CH,CH,— CH—CO,H 
NH, 


e indicates essential amino acids 


It is to be noted that proline and hydroxyproline are secondary amines in which the amino 
nitrogens are incorporated into five-membered rings. 


10.1.2 Configuration of Natural Amino Acids 


All naturally occurring amino acids except glycine (H,NCH,CO.H) have an asymmetric 
a-carbon atom and are chiral molecules. These chiral amino acids are found in nature in 
one enantiomeric form, which has the following configuration: 


CO,H CO,H 
Flying wedge | | Fischer 
projection of eH H,N | H projection of 
L-amino acid R NH, R L-amino acid 


Configuration of naturally occurring 
amino acids 


This configuration in S in all cases except for cysteine in which —R (i.e., the —CH,SH 
group) gets priority over —COOH. 


The stereochemistry of amino acids is often specified with D,L-system. An amino acid 
drawn in Fisher projection with the carboxyl group at the top and the R group at the bottom 
of the vertical axis is a D-amino acid if the amino group is on the right and an L-amino acid 
if the amino group is on the left. Therefore, all naturally occurring amino acids have the 
L-configuration (unlike monosaccharides where the D-isomer is the one found in nature). 
Thus, (S)-alanine can also be called L-alanine; its enantiomer is D-alanine. 
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Mirror 
plane 
CO.H CO.H 
HN} | | NH, 
CH 3 | CH 
L-Alanine D-Alanine 
(S)-Alanine (R)-Alanine 


The D or L designation for an amino acid refers to the configuration of the a-carbon 
regardless of the number of chiral carbons in the molecule. Thus, L-threonine with two 
chiral carbons is the (2S, 3R) stereoisomer, while its enantiomer D-threonine is the (2R, 
3S) stereoisomer. Similarly, L-isoleucine is the (2S, 3S) stereoisomer, while its enantiomer 
D-isoleucine is the (2R, 3R) stereoisomer. 


Mirror Mirror 
plane plane 
CO,H CO,H CO,H CO,H 
H,N—_—-H | H—;—NH, ; H,N—;—H : H——\NH, 
H—+— OH HO———H H,C—~—-H H—,—CH, 
CH, , CH; CoH; | CoH; 
L-Threonine D-Threonine L-Isoleucine D-Isoleucine 


(2S,3R)-Threonine (2R,3S)-Threonine (2S,3S)-Isoleucine (2R,3R)-Isoleucine 


10.1.3 Amino Acids as Dipolar Ions 


Although the amino acids are generally shown as containing an amino group and a 
carboxyl group, HANCHRCO,H, certain physical and chemical properties are inconsistent 
with this structure. These are as follows: 

(i) In contrast to carboxylic acids and amines, the amino acids are nonvolatile 
crystalline solids which melt with decomposition at much higher temperatures. 
Glycine, for example, melts at 262°C (with decomposition), and tyrosine melts 
at 310°C (also with decomposition). N-Benzoylglycine or hippuric acid, a much 
larger molecule than glycine, and glycinamide, the amide of glycine, have much 
lower melting points. The former compound lacks the —NH, group and the latter 
compound lacks the —COOH group, and neither can exist as a zwitterion or dipolar 


ion. 

| | @ Il ees 

CgH;—C—NHCH,CO,H H,NCH,—C—NH, H3,N—CH,—C—O: 
N-Benzoylglycine (hippuric acid) Glycinamide Glycine 


(mp 190°C) (mp 68°C) (mp 262°C) 


(ii) 


(111) 


(iv) 
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They are appreciably soluble in water, but insoluble in non-polar solvents like 
benzene, ether, petroleum ether, etc. 

The higher melting points and greater solubilities in water than in ether are 
characteristics expected of salts, not uncharged organic compounds. These saltlike 
characteristics are, however, what would be expected of zwitterionic compound. In 
the solid state of the amino acids, the strong electrostatic forces that result from 
the attraction between positive and negative charges on different molecules are 
much like those between the ions in a salt. The solid state is, therefore, stabilized 
by these attraction which resist conversion of the solid into a liquid (a pure liquid 
melt or solution). The best solvent for most amino acids is water and this is because 
it solvates the ionic groups by ion-dipole attraction and H-bonding. 

The dipole moments of the amino acids are very large. In fact, the values are much 
larger than those of similar-sized molecules with only one of the two functional 
groups. For example: 


H,N—CH,—Co® CH,(CH,),NH, CH,CH,COOH 
Glycine Butylamine Propanoic acid 
(u = 14D) (u= 1:4 D) (uu = 1-7 D) 


A large dipole moment is expected for molecules containing a great deal of separated 
charge. 

Acidity and basicity constants of amino acids are very much lower for —COOH and 
—NH, groups. The simplest amino acid glycine, for example, has K, = 1.6 x 10-'° 
and K,, = 2.5 x 10°”, whereas most carboxylic acids have K, values of about 10° 
and most aliphatic amines have K,, values of about 10~. 

All these properties are very much consistent with a dipolar ion structure for the 
amino acids (Ja). 


H,N—CH—COOH _ HjN—CH—COO? 


R R 
I la 


When an amine is added to a carboxylic acid, an ammonium salt is obtained. This 
occurs by the transfer of a proton from the carboxyl group (—COOH) to the amino group 
(—NH,). However, when both the groups form part of the same molecule as in the case 
of amino acids, the transfer of proton occurs intramolecularly to produce what is called a 
dipolar ion or zwitter ion or inner salt, a form in which the carboxyl group is present as a 


® 
carboxylate ion, —CO and the amino group is present as an ammonium group, —NHs3. 


® 
Because amino acids contain both acidic (—NH;) and basic (—CO) groups, they are 
amphoteric (possess both acidic and basic properties) i.e., they can accept a proton from 
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a stronger acid as well as donate a proton to a stronger base. In aqueous solutions, the 
amino acids exist as the following species which are in equilibrium. 


| eee pH or [OH®] » 
HjN—CH— CO.H = 3 H,N— CH—COE = = 5 H,.N—CH—CO$ 
R R R 
Cationic form Dipolar ion Anionic form 
(predominant in or (predominant in 
strongly acidic solution, Zwitterion strongly basic solutions, 
e.g., at pH 0) iT e.g., at pH 12) 
Ne 
R 
Very small uncharged 
form 


(about 1 part in 10° parts) 


The predominant form of the amino acid present in a solution actually depends on the pH 
of the solution and on the nature of the amino acid. Let us consider an amino acid, such as 
alanine, with a side chain that contains neither acidic nor basic groups. When alanine is 
dissolved in a strongly acidic solution (e.g., pH 0), the —CO§ group is protonated to a free 
—CO.H group, and the molecule then contains an overall positive charge, i.e., the amino 


® 

acid exists mainly as a cation. Due to the —I effect of the —NH, group, the pK, value of 
this cationic acid is considerably lower (2.3) than the pK, of the ordinary carboxylic acid 
(e.g., propanoic acid, pK, = 4.89). 


OH 
aN OH ar a B FH. wo Hor HsC\ COz 
CH 
i | 
°NH3 °NH3 NH» 
Cationic form Dipolar ion or Anionic form 

of alanine Zwitterionic form of alanine 
(pK,1 = 2.3) of alanine 

(pK,2 = 9.7) 


When a base is added to the solution of the net cationic form of alanine, the first proton 
removed is the carboxylic acid proton. When a pH of 2.3 is reached the carboxylic acid 
proton will have been removed from half of the molecules, i.e., half of the cationic form 
will be converted to the dipolar ion. The pH represents the pK, of the alanine carboxylic 
acid proton (denoted as pK,,), as can be demonstrated by the Henderson-Hasselbalch 
equation. 
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[The Henderson—Hasselbalch equation may be represented as follows: 


[HA] 


[A°] 


pK, = pH + log 


Therefore, when the acid is half neutralized, i.e., when the concentration of acid, [HA], 
[HA] 


[A°] 


is equal to the concentration of its conjugate base, [A°], log 
pH = pK,,.] 

As more base is added, i.e., the pH is raised further, alanine reaches its isoelectric point 
(pl) the pH at which all of alanine’s carboxylic acid protons have been removed but not its 
aminium protons. The molecules then exist in electrically neutral (because the carboxylate 
group bears a —1 charge and the aminium group bears a +1 charge) zwitterionic form 
(dipolar ion). The pl of alanine is 6.0. As the pH is raised further by adding base, protons 
from the aminium ion will start to be removed, until at pH 9.7 half of the aminium group 


= log 1 = 0, and thus 


will have lost a proton. The pH represents the pK, of the aminium (— NH,) group. Finally, 
as the pH is further increased (e.g., pH = 14) by adding more base to the solution, the 
remaining aminium protons will be lost. At this point the molecules carry a net anionic 
charge from their —CO} group. The amino groups are now electrically neutral. 


The following figure (Figure 10.1) shows a titration curve for these equilibria. The graph 
represents the change in pH as a function of the number of molar equivalent of alkali. 


® 
Since alanine has two protons to lose in its net cationic form (the —NH, proton and 
—COOH proton), when one molar equivalent of OH® has been added, the molecules will 
have each lost one proton and they will be electrically neutral dipolar ion. 


14 
12 
10 
pKag = 9.7 
pH 6 & 
CHy—CH— pl = 6.0 
°NH, CH;—\CH—CO$ 
@ntr 
- pk, = 33 a 
aS LR (Pm A Pay Pa | (fe 
0 0.5 1.0 15 2.0 
Equivalent of OH® 


Figure 10.1 Titration curve for alanine hydrochloride 
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10.1.4 Isoelectric Points of Amino Acids 


In an acidic solution (lower pH), an amino acid bears a positive charge and in a basic 
solution (higher pH), it bears a negative charge. In some intermediate pH, the concentration 
of the dipolar ion is at its maximum and the concentrations of the anion and cation are 
equal. This pH at which the total charge on all molecules of the amino acid is zero is 
called the isoelectric pH or isoelectric point, pZ. Each amino acid has a particular 
isoelectric point. When an electric current is passed through the aqueous solution of an 
amino acid at a pH lower than p/, the amino acid migrates towards the cathode because it 
exists mainly as a cation. Similarly, at a pH higher than p/ it migrates towards the anode 
because it exists mainly as an anion. But at a pH equal to p/ there occurs no net migration 
because the amino acid exists mainly as a zwitterion at this pH. Therefore, the isoelectric 
point may also be defined as the pH at which the amino acid does not migrate under the 
influence of an electric field. 


10.1.4.1 The isoelectric point (pI) of any neutral amino acid is equal to half of the two pK, 
values, one obtained as a conjugate acid (pK,,) and the other as a dipolar ion 


(p K, a2) 


® 
If the isoelectric amino acid is represented as H, N—CHR—CO§, we have the following 
equilibria: 


® ® 
H,N —CHR—CO,H = H,N —CHR—CO$ + H® 
Conjugate acid (cA) of the amino acid Dipolar ion 
H,N —CHR—Cco? — H,N—CHR—CO§ + H® 
Dipolar ion Conjugate base (cB) of the amino acid 
x. _ Dipolar ion|[H°]_, __[eBI[H®] 
a [cA] aaa Dipolar ion 


At the isoelectric point (p/), the concentration of the dipolar ion is a maximum and since 
the net charge is zero, 


[cA] = [cB] 
[Dipolar ion] [H®] _ K,.[Dipolar ion] 
Ky [HS] 
[H°l’ = Ky Kyo 
= log, o[H°” = —log 1 Ky; — logy Kaz 
2pH = pK,, + pK,» 
one a PKa2 


= pl (the isoelectric point) 
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It is to be noted that an isoelectric point of approximately 6 is typical for amino acids 
containing no additional acidic or basic groups on their side chains. 


10.1.4.2 pK, pK,2, pK,3 (for acidic and basic side chain) and pI values of common 
naturally occurring amino acids are given in the following table. 


A. Neutral Amino Acids (structure of —R) pK, 3 pl 
(side 
chain) 

1. Glycine 2.3 9.6 — 6.0 
2. Alanine (—CHs3) 2.3 9.7 6.0 
3. Valine (—CHMe,) 2.3 9.6 6.0 
4. Leucine (—CH,CHMe,) 2.4 9.6 6.0 
5. Isoleucine (—CHMeEt) 2.4 9.7 6.1 
6. Phenylalanine (—CH,Ph) 1.8 9.1 5.5 

2.2 9.1 10.1 5.7 
7. Tyrosine (cx.<O>-on) 

2.4 9.4 5.9 

—CH, 
8. Tryptophan la) 
N 
H 

9. Serine (—CH,OH) 2.2 9.2 5.7 
10. Threonine (—CHOHMe) 2.6 10.4 6.5 

2.0 10.6 6.3 
11. Proline Ge on 

H 
Complete structure 
HO 1.9 9.7 6.3 
12. 4-Hydroxyproline ee 
H 
Complete structure 
13. Cysteine (—CH,SH) 1.7 10.8 8.3 5.0 
14. Cystine 1.6 7.9 5.1 
cia a 2.3 9.9 
NH» NH» 
Complete structure 
15. Methionine (—CH,CH,SMe) 2.3 9.2 5.8 
pl = (pKa, + PKy2)/2 
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B. Basic Amino Acids (Structure of —R) pK, pK, 
; ® 
(a-CO,H) (o-NH,) 
16. Lysine (—CH,CH,CH,CH,NH,) 2.2 9.0 10.5 9.8 
2.2 9.0 12.5 10.8 
NH 


Oo 


17. Arginine —CH,CH,CH,—NH—Co NH 
2 


N 

- [% 
18. Histidine |—CH, N 
H 


pl = (pK,9 + pK,3)/2 (average of the two highest pK, values) 
C. Acidic Amino Acids pK, PKy2 pk, 


1.8 9.2 6.0 7.6 


(a-CO,H) ( o-NH,) pee 
19. Aspartic acid (—CH,CO,H) 2.1 9.8 3.9 3.0 
20. Glutamic acid (—CH,CH,CO,H) 2.2 9.7 4.3 3.2 
21. Asparagine (—CH,CONH,) 2.0 8.8 5.4 
22. Glutamine (—CH,CH,CONH,) 2.2 9.1 5.7 
pl = (pK, + pK,9)/2 (average of the two lowest pK, values) 


10.1.4.3 Isoelectric points (pI) of neutral, acidic and basic amino acids: 
(i) The isoelectric point (pl) of a monoamino monocarboxylic acid lies somewhat on the acid 


® 
side of neutrality (pH 7). A monoamino monocarboxylic acid, H;NCHRCO§ , is somewhat 
more acidic than basic (the K, and K, values of glycine, for example are 1.6 x 10° and 
2.5 x 10°, respectively). When crystals of such an acid are added to water, the resulting 
solution contains more of the anionic form II, H.NCHRCO§, than of the cationic form 


IT, H,N CHRCO.H. This “excess” ionization of the aminium ion to amine (I == II + 
H®) must be repressed, by addition of acid, to reach the isoelectric pH or isoelectric point, 
which therefore lies somewhat on the acid side of neutrality (pH 7). The isoelectric point 
of glycine, for example, is at pH 6.0. 


o® @ ® @ 
H,NCHRCOS$ =45s= H,;NCHRCO$ =3s= H;NCHRCO,H 
Il I Il 
Anionic form Dipolar ion Cationic form 


(ii) The isoelectric point of a monoamino dicarboxylic acid lies on the acid side of neutrality. 
A monoamino dicarboxylic acid such as aspartic acid is also more acidic than basic (K, for 
the extra —CO,H group is 10° and K, is 10°”). If crystals of aspartic acid are added to 
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water, the resulting solution contains more of the anionic form III, than of the cationic 
form II. 


rc) 


® OH ® OH® ® 
HN =C8 000 oF H3;N—CH—CO$ =o H3;N—CH—CO$ 


O 
| | 
i 
CO.H CO.H COS 
I I Il 
Cationic form Dipolar ion Anionic form 


of aspartic acid 


The “excess” ionization of the -CO,H group to —CO? (I= III + H®) must be repressed 
by addition of acid, to reach the isoelectric pH or isoelectric point, which therefore lies on 
the acid side of neutrality (pH 7). For aspartic acid, for example, the isoelectric point is at 
pH 3.0. 


(iii) The isoelectric point of a diamino monocarboxylic acid lies on the basic side of 
neutrality. A diamino monocarboxylic acid like lysine is somewhat basic than acidic. When 
some crystals of lysine are added to water, the resulting solution contains more of the 
cationic form II and than the anionic form III. 


® OH® OH? 

H3;N—CH—CO$ “oF HN—CH—CO; FR HAN—VE CO; 
ices Sie ne 
°NH; °NH; NH, 

II I III 

Cationic form Dipolar ion Anionic form 


of Lysine 


® 
This ‘excess’ protonation of —NH, to —NH, (I+ H® — II) must be repressed, by addition 
of base, to reach the isoelectric point, which therefore lies somewhat on the basic side of 
neutrality (pH 7). For lysine, for example, the isoelectric point is at pH 9.8. 


10.1.3.4 Possible dipolar structures for (a) lysine, (b) aspartic acid, (c) arginine and 
(d) tyrosine and prediction of the actual structure in each case. 


| 
NH, 


acid Lysine (I and II), I is the actual structure because the more distant €-amino group is 
less affected by the electron-attracting and hence base-weakening —COOH group and as 
a consequence, it becomes more basic and preferably takes up the proton. 


(a) Lysine pene | Of the two possible dipolar structures of the basic amino 
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® 
HyN(CH,),CHCOO” HyN(CH,)47HCOO” 
NH, ®NH3 
I I 
(actual dipolar structure 
of lysine) 


| 
NH, 


aspartic acid. I is the actual structure because the nearer —COOH group is more affected 
by the electron-attracting and hence acid-strengthening —NH, group and consequently, 
it becomes more acidic and loses proton. 


(b) Aspartic acid — I and II are the two possible dipolar structures of 


HO,CoHFHCOO "O,CCHLCHCOOE 
®NH; ®NH3 
I II 


(actual dipolar structure 
of aspartic acid) 


| 
NH NH, 


(I, II, II and IV), I is the actual structure. This is because the double bonded nitrogen is 
the most basic since the conjugate acid corresponding to it is a resonance-stabilized cation. 


(c) Arginine ane (CH —" Of the four possible dipolar structures of arginine 


H,N—0—NH—~(CH,),CHCO} <> HN=C—NH—(CH,),CHCO? 
°NH, NH» NH, NH, 


L I { 
(actual dipolar structure si 2 aI 
of arginine : resonance stabilized) ee ap era eae: ee er 


NH, NH, 


sé ® @ 
H.N ‘ NH,—(CH,)3 = CO; pHN CCH - CH C0; 
NH NH, NH NH, 


II Il 


at iy ee tae 
NH ®NH3 
IV 
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(d) Tyrosine /HO @ CH, ia CO2H\ Of the two possible dipolar structures of 


NH, 


tyrosine (I and II), Lis the actual structure because the —COOH group (K, = 1073) is much 
more acidic than a phenolic —OH group (K, = 107'°), and go, loses the proton preferably. 


(S) 
HO © >~CHs—CH— CO} 0 O>-CH:—CH—COH 
°NH3 °NH; 
I I 


(actual dipolar structure 
of tyrosine) 


10.1.4.4 Behaviour of lysine (a basic amino acid) and aspartic acid (an acidic amino acid) 
as the pH values of their strongly acidic solution are generally raised by adding 
a base (e.g., OH®) and calculation of their isoelectric points (pI) using their pK, 
values. 


Lysine |H,N(CH2),CHCO,H) Lysine has an extra —NH, group at the terminal carbon of its 


| 
NH, 


side chain. In strongly acidic solution, lysine will exist as a dication because both of the 
—NH, groups will undergo protonation. As the pH of the solution is raised by the addition 
of base, the proton of the carboxyl group (pK, = 2.1) is to be lost first. The next proton to 
be lost is from the a@-aminium group (pK, = 9.0) and the last is from the ¢-aminium group 
(pK, = 10.5). 


© OH° © ©) OH° @ ° 
Be SA a eee =0° a ia “H,0° ee 
°NH3 °NH3 NH, 
Dicationic form of lysine Monocationic form Dipolar ion 

(pK,1 = 2.1) (pK, = 9.0) (pK,3 = 10.5) 

oe H3,0° 

HN(CH,),CHCO; 

NH, 


Anionic form 


The isoelectric point (pI) of lysine is the average of its two highest pK, values, i.e., the 
average of pK, (the monocation) and pK,, (the dipolar ion) and this is because the species 
with zero total charge exists primarily between pH 9.0 and 10.5 which are pK,, and pK, 
respectively. 
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~ 2 


The pK,,, 1.e., the pK, of the —COOH group, does not enter the picture because neither of 
the equilibria involving the dipolar ion involves ionization of the —CO.H group. 


pl 9.8 


Aspartic acid (HO,CCH, i. CO,H) Aspartic acid has an extra —CO,H group on its side chain. 


NH, 
In strongly acidic solution, aspartic acid will exist in the cationic form. The first proton to 
be lost as the pH is raised by addition of base is the proton of the o-CO.H group and this 


® 
is because it is relatively more acidic (nearer to the electron-attracting —NHg, group). 
The next proton to be lost is from the side chain —COOH group and the last is from the 


® 
o—-NH, group. 
) ) fo ) 
HO,CCH,CHCO,H —22— HO,CH,CHCo? “= 0,CCH,CHCO? —24— 0$ccH,cHCo$ 
H,0® | H,0°® | H,0°® | 
°NH3 ®°NH; ®°NH; NH; 
Cationic form (Dipolar ion Monocationic form Dianionic form 
of aspartic acid (pK,2 = 3.9) (pK,3 = 9.8) 
(p K,1 = 2.1) 


The isoelectric point (pl) of aspartic acid is the average of its two lowest pK, values, i.e., 
the average of pK,, (the cationic form) and pK,, (the dipolar ion) and this is because the 
species with zero total charge exists primarily between pH 2.1 and 3.9, which are pK,, and 
pK,9, respectively. 

BAS 
a tr 


® 
The pK, 3 of aspartic acid, i.e., the pK, of the a-NH3 group does not enter the picture 
because neither of the equilibria involving the dipolar ion involves deprotonation of the 


pl 3.0 


® 
o-NHg group. 


10.1.4.5 To predict the form in which the amino acids (a) glutamic acid (b) histidine 
(c) tyrosine and (d) arginine exist predominantly at physiological pH (i.e., pH = 
7.3). 


(a) Glutamic acid Since the value of physiological pH (the pH that exists in the cells and 
fluids of living organisms) is greater than the pK, values of both the carboxyl groups of 
glutamic acid (2.2 and 4.3), these groups remain in their basic forms. However, because 
this pH is less than the pK, of the protonated amino group (9.9), this group remains in its 
acidic form. Therefore, the form in which glutamic acid exists predominantly at pH 7.3, the 
physiological pH, is as follows: 
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“O,CH,CHsCHCOS 


®NH; anionic form 


Glutamic acid 
(at physiological pH) 
(b) Histidine The physiological pH is greater than the pK, of the carboxyl group (1.8) and 
that of the protonated imidazole ring (6.0) of histidine. Therefore, these groups remain in 
their basic forms. Since the physiological pH is less than the pK, of the aminium group, 


® 
—NH, (9.2), this group remains in its acidic form. Therefore, the form in which histidine 
exists predominantly at the physiological pH is as follows: 


CH,—CH—CO$ 
N _ NH olny \ Dipolar ion 
YQ a or 
Histidine Zwitterionic form 
(at physiological pH) 


(c) Tyrosine Since the physiological pH is greater than the pK, of the carboxyl group (2.2) 
of tyrosine, this group remains in the basic form. However, because this pH is less than 


® 
the pK, values of the aminium group, —NHg (9.1) and the phenolic —OH group (10.1), 
these two groups remain in their acidic forms. Hence, the form in which tyrosine exists 
predominantly at the physiological pH (7.3) is as follows: 


HO~ © >-CH-CO$ 


é Dipolar ion 
NH3 or zwitterionic form 
Tyrosine 
(at physiological pH) 


(d) Arginine Because the physiological pH is greater than the pK, of the carboxyl group 
(2.2) of arginine, the group remains in its basic form. However, the aminium group 


® 
(—NH;) and the protonated guanidino group remain in their acidic forms because the 
physiological pH is less than their pK, values. Therefore, the form in which arginine exists 
predominantly at the physiological pH (7.3) is as follows: 


H,N—C—NH(CHz)3CH—CO$ 
°NH, °NH3 Monocationic 


form 


Arginine 
(at physiological pH) 
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10.1.5 Electrophoresis 


Electrophoresis is a method for separation and purification that depends on the movement 
of charged particles in an electric field. Differences in isoelectric point (p/) can be used 
to separate mixtures of amino acids by electrophoresis and this is because depending 
on isoelectric point amino acids may exist as neutral, positively charged or negatively 
charged species in a buffer solution having a particular pH. 


When a few drops of a solution of amino acid mixture are placed in the centre of a piece of 
filter paper or in the centre of a layer of acrylamide gel and the paper or the gel is placed 
in a buffer solution between two electrodes and an electric field is applied, an amino acid 
with a pl greater than the pH of the solution must possess an overall positive charge and 
will migrate toward the cathode (the negative electrode). The farther the p/ of the amino 
acid from the pH of the buffer solution, the more positive the amino acid will be and the 
farther it will migrate towards the cathode in a given amount of time. An amino acid with 
a pl less than the pH of the buffer will have an overall negative charge and will migrate 
toward the anode (the positive electrode). An amino acid with a pI equal to the pH of the 
buffer solution has no net charge (because it exists as a dipolar ion or zwitterion), so it 
does not move. If the two molecules possess the same charge, the large one will move 
slowly during electrophoresis because the same charge has to move with a greater mass. 


Let us consider a mixture of alanine, lysine, and aspartic acid. When this mixture is 
subjected to electrophoresis in a buffer that matches the isoelectric point of alanine (pH = 
6.0). In this case, aspartic acid (pJ = 2.8) which remains in the anionic form (because pH 
6 is less acidic than its pJ) migrates towards the positive electrode (the anode), alanine 
which exists in dipolar zwitterionic form with zero net charge remains at the origin, 1.e., 
migrates towards neither of the electrodes, and lysine (pI = 9.7), which remains in the 
cationic form (because pH 6 is more acidic than its pl), migrates towards the negative 
electrode (the cathode). After a period of time, the separated amino acids are recovered by 
cutting the paper or scraping the bands out of the gel. 


Structures of the three amino acids at pH 6: 


9 ® 
O,CCH,CHCO$ Che Oey H3N(CH,)4,CH—CO$ 
®°NH; °NH; ®NH3 
Aspartic acid Alanine Lysine 
(monoanion: charge—1) (neutral : charge 0) (monocation : charge +1) 


When electrophoresis is used as analytical technique, i.e., to identify the amino acids 
present in the mixture, the paper or the acylamide gel is sprayed with nintydrin and then 
dried in a warm oven. Most of the amino acids form a purple product with ninhydrin. The 
number of different kinds of amino acids in the mixture is determined by the number of 
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coloured spots on the filter paper or gel. The individual amino acids are then identified by 
comparing their locations on the paper or gel with those of standards. The following figure 
(Figure 10.2) shows the application of electrophoresis to the separation of aspartic acid, 
alanine, and lysine according to their charge type at a pH corresponding to the isoelectric 
point (p/) of alanine. 


alls 


Cathode Anode 


[C) 


Buffer solution (pH = 6) > Streak containing 
Ala, Lys and Asp 


® 


Power supply 
started 


alls 


Lys®moves toward | |Ala does not ASE Nk towed 
the negative electrode move the positive electrode 


Figure 10.2 Separation of lysine, alanine and asparsic acid by electrophoresis 


Electrophoresis is used mainly to analyze mixture of peptides and proteins, rather than 
individual amino acids. Because they consist of different numbers of amino acids and 
because they have different side chains, two peptides will have slightly different acid- 
base properties and slightly different net charges at a particular pH of the buffer used. 
Therefore, their mobilities in an electric field will be different, and electrophoresis can 
be used for their separation. The medium used to separate peptides and proteins is a 
polyacrylamide gel. So, this technique is called gel electrophoresis. 


10.1.6 Synthesis of Amino Acids 


Naturally occurring amino acids can be obtained by hydrolyzing proteins and then 
separating the amino acid mixture. Nevertheless, it is often less expensive to synthesize 
pure amino acids. When an unusual amino acid or an unnatural enantiomer is required, it 
must be synthesized. A number of methods for preparing amino acids are discussed below: 
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(i) Reductive Amination of a-Ketoacids When an a-Ketoacid is treated with ammonia, 
the ketone reacts to form an imine. The imine is reduced to an amine by hydrogen and 
palladium catalyst. Under these conditions, the —COOH group is not reduced. 


9 7 jaa 
B-c-co,n NE pcos? "ss R-Ce-CcOoO NHS 
An a-ketoacid An imine te coke acd 


(ammonium salt) 


Racemic phenylalanine, for example, can be synthesized by reductive amination of 
3-phenyl-2-oxopropanoic acid. 


9 ji 
PhCH,—C—CO,H —~=“25 phCH,—CH—CO§NH? 
3-Phenyl-2-oxopropanoic (D, L)-Phenylalanine 
acid (amonium salt) 


The biosynthesis of amino acids begins with reductive amination of o-ketoglutaric acid 
(a metabolic intermediate). The product of this enzyme-catalyzed reaction involving 
ammonium ion (the aminating agent) and NADH (the reducing agent) is pure L-glutamic 
acid and this is because the reduction occurs exclusively from the Re face of the imine. 


O ®NH; 
i : : H H CONH, Bayine | 2 = 
HO,C(CH,)CCOS +NH2 + [- ) + He Sem, H0,C(CH;),CHCO§ + [5] +H,0 
a-Ketoglutaric acid " L-Glutamic acid 7 
Sugar Sugar 
NADH NAD’ 


(The reduced form of 
nicotinamide adenine dinucleotide) 


(ii) Amination of a-halo acids The Hell-Volhard-Zelinsky (HVZ) reaction is an effective 
method for introducing bromine at the a@ position of a carboxylic acid. The resulting 
a-bromo acid is converted to a racemic a-amino acid by direct amination, using a large 
excess of ammonia (an S,2 reaction). 


Br Br 


1. Br,/P | 1 | ° 
RCH,CO,H 9 +2 —"> R—-CH—CO,H ~“= "> _R-CH—COONH? 
2 'N: 


A carboxylic acid (+)-a-Amino acid 
(ammonium salt) 


Racemic phenylalanine, for example, can be prepared by bromination of 3-phenylpropanoic 
acid by the HVZ reaction followed by displacement (Sy2) bromide ion. 


10.22 Organic Chemistry: A Modern Approach 


al NH, 
1. Br./PBrs NH; (excess) | ° ® 
CeH;CH2CH,COoH > 2H,0. ” C.H;CH,— CH—CO,H sa” CgH;CH,— CH— CO3NH;, 
3-Phenylpropanoic (+)-Phenylalanine (salt) 


acid 
Because of overalkylation, alkylation of ammonia is not a good method for preparing 
1° amines. However, use of a large excess of NH, in amino acid synthesis favours 
monoalkylation. Furthermore, amino acids are less reactive toward alkylating agent than 
simple alkylamines because the amino groups of amino acids are less basic (by about 
0.8 pK, unit) and therefore, less nucleophilic, than ammonia and simple amines. Also, 
branching in R-groups in amino acids provides a steric hindrance to further alkylation. 


(iii) Gabriel phthalimide synthesis This method is, in fact, a modification of Gabriel 
synthesis of primary amines. The potassium salt of phthalimide is first allowed to react 
with an o-haloester. The resulting compound on acidic hydrolysis or alkaline hydrolysis 
followed by acidification produces phthalic acid and the a-amino acid. Glycine, for example, 
can be synthesized as follows: 


O Cl Nu,oP 
e@ OH/H,O 
COIRAK + CH,—CO, Et > one CH,CO,Et So yey > CHaCO9H 
O Glycine (85%) 
hydrochloride 
HCl, H,O 
CO.H 7 CO.H 
CoHSOH + (CL on * GH COnH + aes 4; * CoHsOH 
2 2 
Phthalic acid °NHgCI° Phthalic acid 
Glycine hydrochloride 
(80%) 


(iv) Gabriel-Malonic ester synthesis or N-phthalimidomalonic ester synthesis This is, in fact, 
a variation of the malonic ester synthesis which is quite useful for synthesizing o-amino 
acids. In this method, potassium phthalimide is first allowed to react with bromomalonic 
ester. An Sy2 reaction occurs to yield N-phthalimidomalonic ester. When this ester 
is treated with a strong base (sodium ethoxide), a resonance stabilized carbanion is 
obtained. The anion, in turn, is treated with an alkyl halide to give an alkylated product. 
Vigorous hydrolysis of this alkylated product causes hydrolysis of both the ester groups 
and the phthalimido group. Under these conditions the malonic acid derivative undergoes 
decarboxylation to yield an a-amino acid. Phenylalnine, for example, can be synthesized 
as follows: 
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So ae .. © 
COL NR CH(CO;Et)y > Sx? 200 Foon, Mo, N—C(CO,Et), 
OQ “Br 0 
Potassium Bromomalonic N-Phthalimidomalonic nl eee: Bi 
phthalimide ester ester 7 ae 
NH O ae Ph 
A Co CO,H 2 
—co, |PhCH,—C(CO,H),| + Mo +2 EtOH <2 —C(CO,Et), 
- = oH 
® 
NH, 
| 


PhCH,—CH—CO,H 
(+)-Phenylalanine 
(salt) 


The hydrolysis (in step 4) may also be carried out by alkali. 


(v) Acetamidomalonic ester synthesis This widely used method is also a variation of 
the malonic ester synthesis. The malonic ester derivative used in this synthesis is 
acetamidomalonic ester or diethyl acetamidomalonate in which a protected amino group 
is already in place. This compound is treated with the strong base sodium ethoxide in 
ethanol to form the corresponding enolate ion. The enolate ion is then alkylated with 
an alkyl halide and the resulting compound is then heated with aqueous HCl or HBr. 
This causes the acetamido (CH,CONH—) and ester groups to undergo hydrolysis to yield 
a malonic acid derivative. This dicarboxylic acid undergoes decarboxylation under the 
reaction conditions to give an a@-amino acid. Leucine, for example, can be synthesized by 
this method as follows: 


H 
2 —— 
CHyCONH—C C08) Nida: , CH,CONH—C(CO, Et), M2eC#Oe—® 


Sy2 i 


CH,CHMe, 
CH,;CONH—C(CO,Et). 


as CEACHMG, A| HBr, H,O 

® 

Me,CHCH,»CHCO,H = H3N—C(CO2H)2._ ‘| + CH3; COOH + 2EtOH 
(+)-Leucine (salt) = 


The hydrolysis in step 3 may also be carried out by alkali. 


10.24 Organic Chemistry: A Modern Approach 


[Acetamidomalonic ester can be prepared as follows: 
CH,(CO,Et), "Ss O=N—CH(CO,Et)-> HO—N=C CO,Et),*->CH;CONHCH(CO, Et), 
2 


when malonic ester is treated with nitrous acid, a nitroso derivative is obtained. This 
undergoes ready tautomerization (nitroso-oxime tautomerism) to give the corresponding 
oxime. Hydrogenation of the oxime in acetic anhydride solution gives acetamidomalonic 
ester.] 


(vi) Strecker Synthesis When an aldehyde is treated with an aqueous solution ofammonium 
chloride and sodium cyanide (a mixture equivalent to ammonium cyanide or NH, and 
HCN), an a-amino nitrile is obtained. When the resulting a-amino nitrile is hydrolyzed, 
an q-amino acid is obtained. This process for synthesizing a@-amino acids is called the 
strecker synthesis. 


O 
I NaCN/NH,Cl 1. H,0%A } 
R- CNH H,0 nn CN ee > Saami 
An aldehyde NH, ®NH; 
An a-amino nitrile An a-amino acid 
Phenylalanine, for example, can be prepared as follows: 
® 
PhCH,CHO = —N2CNNELC! FS phcH,CHCN —~2°4 _ pacH,cHcos 
H,0 | 2. OH7H,0 | 
Phenylacetaldehyde ® 
NH, NH; 
(+)-Phenylalanine 
Mechanism: 


NH,Cl + NaCN == NH,CN + NaCl; NH,Cl == NH, + HCN 


Formation of a-amino nitrile: 


| >. | +H® ] 
A — CHe == HL: 
PhCHY Sy /* Nit PhCH? ~~ ~NH, phony Ewa, 


be 


CN ro) COH2 


PhCH bu NH, <=> PhCH,—CH=NH, 22> CHY? 
= erick: Gr aa PhCHZ © ~NH, 


An a-amino nitrile An iminium ion 
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See eee eee ee eee NAGS sche bests k teat cO beaee tata UE (Shas oth es SURE et etete tia! ee 
Hydrolysis of c-amino nitrile: 
® 
NH, NH, NH, OH, 
| pHOOH, | ® H,0: | | 
PhCH,—CH—C=N: PhCH,—CH—CTNH ==  PhCH,CH—C=NH 
|= 
NH, OH NH, OH NH, OH 
® +H® | I. ee H,0: | | © 
CoH °OH, 


—Nay 


@® 
NH, OH NHs ia 
@ +H® 
PhCH,—CH—C=OH =>— PhCH,—CH—C=O 


(+)-Phenylalanine (salt) 


(vii) Methods involving the Curtius Rearrangement 
(a) When malonic acid monoazide, prepared from diethyl malonate by a sequence 
of reactions, is warmed in the presence of ethanol, it undergoes the Curtius 
rearrangement to yield a carbamate ester. This ester on acidic hydrolysis produces 
an a-amino acid. Alanine, for example, can be prepared as follows: 


CO,K 
cHico,n) 2°". cHcHco.n), “oe. CHC 
Diethyl malonate ss per ayn ae CO,Et 
—Biou | NHANH, 
CO,H CO,H CO,K 
CH, W’ C,H;OH CH,CHY HNO, A 


<———— CH;CH 
\CON3 (NaNO,/HCl) \CONHNH, 


Malonic acid 
1. dil. HCV/A monoazide 
2. OH°/H,0 CH,CHCO$ 
| 
®NH; 
(+)-Alanine 
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* Mechanism (Step 3-Step 6): 


LOK CO,K , fo ° 
NH,NH —EtOH NO 
cucu, 2NHy CECE. /NHINH,— > CHCH - a 
‘aah Ce ‘ne. 
ess ey OEt I 
CO2H CO,H CO,H 
CH,CHC ber CH,CHC Peet CH,CHC es 
ee ee a eNO 
| O O O 
OH CO.H : fOH 
CH3CH 0, CH;CH "> CH;CHE 
¢—NH Nn-COn, i NSN “ N--N=N 
O O O 
_ {se 
2) rearrangement 


CO,H @ CO.H 4 
CHCHC SH at CH,CHC a CH,CHC 
=O N=c—O° N=c=£0 


OEt aS 
‘ tautom. ae NEt 
CO,H CO.H O CO,H 
) 
CH,CHC p HO CH,CHC = I aes, CH,CHC 
NH ce NH ~ 0 NH, 
OEt —— 
A carbamate ester A carbamic acid An a-amino acid 
(unstable) 


(b) Darapsky Synthesis: When an aldehyde is condensed with ethyl cyanoacetate and 
simultaneously hydrogenated in the presence of catalyst (reductive condensation), 
an alkyl cyanoacetic ester is obtained. Treatment of the resulting ester with 
hydrazine followed by nitrous acid affords the corresponding acyl azide. This, 
when subjected to Curtius reaction followed by hydrolysis produces an o-amino 
acid. Lucine, for example, can be prepared as follows: 


Amino Acids, Peptides, Proteins and Nucleic Acids 


pee EN CN 
Me,CHCHO + CH, uN Me,CHCH,CH) 2225 Me,CHCH,CH 
2-Methyl- CO,Et COjEt C—NHNH, 
propanal Ethyl I 
cyanoacetate HNO, 
°NH3 CN CN 
© ,1.dil. HCI/A C,H;OH/Warm 
MeO O03 <>. OHIH,0 Me,CHCH,CH cae Me,.CHCH,CH 
(+)-Lucine NHCO,Et CONS 


(viii) Reduction of oximes and hydrazones of a-keto acids 


(a) Reduction of oximes When the oxime of an a-keto acid is reduced catalytically, an 
a-amino acid is obtained. This method is advantageous because the oximes may readily be 
prepared in good yield by allowing an alkylacetoacetic ester to react with an alkyl nitrite 
in the presence of sulphuric acid. Alanine, for example, can be prepared as follows: 


COCH, 
CHCHC so” CH;CO,H + ROH + CH:GCO;Et Jue CHCH—CO2Et 
CO2Et NOH NH, 
An alkylacetoacetic An oxime 
ester 1.0? 
CH,CH COOH att) 


| 
°NH3 


(+)-Alanine (salt) 


(b) Reduction of hydrazones When an alkylacetoacetic ester is allowed to react with 
benzenediazonium chloride, a phenyl hydrazone is obtained. The hydrazone produces an 
a-amino ester when reduced with Zn/ethanol. The ester is finally hydrolyzed by dilute acid 
to yield an w-amino acid. Alanine, for example, can be prepared as follows: 


OCH: 
CH;CH + PhN,Cl? —> CH;CO,H + CHyGCOsEt Zn/CjH;0H 
Oat N—NHPh 


CH;CHCO,H ,,,9 CHsCHCO,Et 
: | eat cele | 
NH NH, 


(+)-Alanine (salt) 
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* Mechanism: 


1 (OH . 
=—s ) 
CH;—C—CH(CH,)CO,Et —= CH;—C==C(CH,)CO,Et N=E)-Ph Cl ] 
ts OH CHa (OH CH 
® re 
CHy—C=0 + CH;—C—COsEt <= CH;—C{C—CO,Et <3 CHsC—C—CO.Et 


(ix) Through the formation of azlactone by Erlenmeyer synthesis 

When an aromatic aldehyde is heated with benzoyl glycine (hippuric acid) in the presence 
of acetic anhydride and sodium acetate, an azalactone is obtained. This reaction is usually 
referred to as the Erlenmeyer azlactone synthesis. The azlactone ring opens up on warming 
with 1% NaOH solution. When the resulting a, B-unsaturated acid is reduced with sodium 
amalgam followed by hydrolysis with dilute acid, an a-amino acid is formed. Phenylalanine, 
for example, may be prepared conveniently by using this sequence of reactions: 


rae we 
/Nie PhCOC] . Gy pporncorn PhCHO C—C 1. NaOH/H,0/A 
CH, _"NaHco,” CHa ‘Ac,0/NaOAc NsO °2.H,0° 
CO.H CO.H eae ¢ 
Glycine Benzoyl glycine Ph 
or hippuric acid Benzoyl-a-aminocinnamic 
azlactone 
°NH3 i 
| dil. HCl Na-Hg = 
PhCH,CHCO,H + PhOO,H <“-2° prcH,CH—CO,H <X*#8_— phcH=C—CO,H 
saa ra NHCOPh NHCOPh 
salt 


Mechanism A plausible mechanism for the formation and ring opening of azlactone may 
be sketched as follows: 
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O \ 0 0 
CH,—c~ et ee ate ae, Sy 
Pa Ney Pp HN 0% HNO 


. O--H a oS 7 
‘NH ae on PaO CH: Pi (OAc 
ao: OCOCH3 


do |—AcO 
Ph r AolP| Ae 
| 
Xs Vi 
acon CH—S pr Na CHC aif ‘cHY-¢ 
Ph Ph Ph 
OH ay 
0° 

PhCH 4d Ph— OF oo 5 PACH, LP ne 
C——C AcOS —OH <—:0H 

Ld EicB - | H,O 

| 
Ph Ph Ph 
an 
PhCH. PhCHy O PhCH. O PhCH ~ 0) 
~S an S Ya S ra 
C—CO3 tautom. No—o<ep +H® ( CSOH__ C—_C-0H 
nee ——- Ny OH : vow We 
Ph Ph Ph Ph 
CS) 
| not, PhCH=C—CO;H 
NHCOPh 


(x) (a) Hydantoin synthesis Aromatic aldehydes condense with hydantoin in the presence 
of AcyO/NaOAc. When the product so obtained is reduced with sodium amalgam, followed 
by hydrolysis, an @-amino acid is obtained. Tryptophan, for example, may be prepared 
from indole-3-aldehyde (prepared from indole by means of the Reimer—Tiemann reaction) 
by this method. 
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H aa 0 
Indole-3- Hydantoin H,0|Na-Hg 
aldehyde ‘ 
: CB CHCO,H ¢ail. HCL dil. HCl pou NH’ 
N: | Saydrol, C=O 
H ®°NH3 On” 
a 


(+)-Tryptophan (salt) 


(b) Bucherer hydantoin synthesis In this method, an aldehyde is first converted into a 
substituted hydantoin by treating it with ammonium carbonate and sodium cyanide 
in aqueous ethanol solution. When the resulting substituted hydantoin is subjected to 
alkaline hydrolysis followed by acidification, an o-amino acid is obtained. Methionine, for 
example, may be prepared by this method as follows: 


1. OH°/H,O 
CH,CHO Nee are °NH; 


(+)-Methionine (salt) 


10.1.7. Reactions of Amino Acids 


Amino acids undergo chemical reactions typical of both the carboxyl and amino groups. 
In addition, they undergo reactions involving both the functionalities. Some of their 
important reactions are given below: 


(a) Reactions due to the amino (—NH,) group 


(i) Alkylation Amino acids undergo alkylation on treatment with alkyl halides. When a 
large excess of alkyl halide is used internal quaternary alkylammonium salts are formed. 
These salts having zwitterionic character are known as betaines. Treatment of glycine 
with an excess of methyl iodide, for instance, give rise to betaine (V,N,N-trimethylglycine), 
the simplest member of the series. 


SoH. con cit, 1 Sac co us 1 fo. ey 
H,NCH,CO,H —=> CHD CH3;NHCH,CO,H —{> CHD (CH3),NCH,CO.H CHD 
| Sy2 Sy2 
© ) 
H,NCH,Co® (CH3)3sNCH2COs5 
N,N,N-Trimethylglycine 


Glycine 
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(ii) Arylation Amino acids react with 2,4-dinitrofluorobenzene (Sanger’s reagent) in 
slightly alkaline solution to form a substituted dinitroaniline. These reactions proceed 
via nucleophilic aromatic substitution. A very useful application of this reagent will be 


discussed later. 


ON-_O-F + HN—CH—CO.H > o.N—</_S—NH cH CO,H 
NO, R NO, R 


DNP derivative of 
an amino acid 


Sanger’s reagent 


Mechanism: 
O . 50 NH,CHRCO,H 
S$ + HN—cHCosH—> \N re 2 
On NO | re } F 
O: 2 R 0. Sn L0 
bp 
. 
Vv 
ae 
H :OH 
@ly 
NHCHRCO,H 
H,0 + F°+ O.N—< > NHCHRCOzH <— ONG 
DNP derivative of a _ 
amino acid :0 


(iii) Action of nitrous acid When an amino acid is subjected to react with nitrous acid 
(NaNO./HC]l), the amino group is converted to an —OH group, i.e., a hydroxy acid is 
obtained and nitrogen is evolved quantitatively. Alanine, for example produces lactic acid 


with HNO, 
sia ing ib 
CH;—CH—CO0? —= CH,—CH—CO,H —=)”— >» CH;—CHCO,H + Np + HO 


(NaNO,/HCD 
Alanine Lactic acid 
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Mechanism: 


8 
CH;CH—NH, “ENO? CH;—CH—NH,—N=0O ts Se O 


CO.H CO.H CO.H 
Alanine A fantom. 
= a ® 
CH; CH= ae CHy—CHN=N-OH a CHy—CH-N=N—OH 
CO.H CO.H CO.H 
ee i oH CO.H 
°OH, OH 


Proline and hydroxyproline are 2° amines. So, they do not liberate N, upon treatment with 
nitrous acid. However, they react with nitrous acid to give the corresponding N-nitroso 
compounds. 


CO.H O 
HNO, se Y 
Least —————> N—N 
7 CO,H_ (NaNO,/HC!) - 
Proline N-Nitrosoproline 


(iv) Acylation Amino acids undergo acetylation and benzoylation when treated with 
acetyl chloride or acetic anhydride and benzoyl chloride, respectively. For example: 


@ 
N NH; 
1. ff \ | \ (CH,CO),0 
CY CH,—CH—CO3 == a CH; be CcO,H— 
H 


100°C | 
Histidine 
as NHCOCH, 
C cH,— cee CO,H 
N. ee 
Mechanism: 
O O O O 
Lk | ! 
™ ® 
CHY + ~O~ ~CH; = CHY ~NHR == CH{ ~NHR+CH,COOH 
+ + aH 
i — An acetyl 
R—NH, CH;,COO* derivative 


An amino acid 
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An acetyl on 


+ 
N. O ? CH;COO derivative 


@ 
NH; NHs NHCOPh 
O 
2. Me,CHCHCO} == Me,CHCHCO,H —E2eCCVOH , ~~ Me,CHCHCO,H 
Valine (Schotten-Bauman N-Benzoylvaline 
procedure) 
Mechanism: 
Ph 
2 Ph Cl eo | 5 
R—NH, + C - RNA Cel > R—NH—C—Ph + H,0 + Cl 
An amino acid i ae G é b e I 


(v) Reaction with formaldehyde When an amino acid is allowed to react with formaldehyde, 
a mixture of two products are obtained. Glycine, for example, reacts with one molar 
equivalent of HCHO, to yield methyleneglycine and with two molar equivalents of HCHO 


to yield dimethylolglycine. 
H,NCH,CO® — H,NCH,CO,H 222s cH,=N—CH,CO,H + H,0 
Methyleneglycine 
or,  H;NCH,CO® — H,NCH,CO,H 2 E> (HOCH,),CH,CO,H 
Dimethylolglycine 


Mechanism: 


< HN _H @ 5 
HO,CCH,NH, + ~C~ —>HO,CCH,NH,—CH,0° === HO,CCH,NHCH,OH 


| 2 
O ‘ea 
O:-H 
_ -H,O _ x ef Ee ® 
HO,CCH,N=CHp < O=C N—CHp, {QHe 
a 
Methyleneglycine CH, 
7 H XQ a H @ Daye) +H® 
i» ie OH Dimethylolglycine 
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(vi) Action of hydroiodic acid When an amino acid is heated with hydroiodic acid (HI) at 
200°C, the amino group of the amino acid is eliminated and as a result, a carboxylic acid is 
obtained. Alanine for example, reacts with HI at 200°C to yield propanoic acid. 


CH.CH— COs. . CHsCH— COnH 
®NH; NH, 


ae CH,CH,COOH + NH; + I, 


(b) Reactions due to the carboxyl (—CO,H) group: 

(i) Esterification The carboxyl group of an amino acid can be esterified by treatment 
with an alcohol in the presence of dry HCl. The resulting amino ester hydrochloride gives 
the free amino acid on treatment with cold dilute alkali. Phenylalanine methyl ester, for 
example, may be obtained as follows: 


® 
°NH; NH, ner 
| | CH,0H OH7H,O 
PhCH,CH—CO} == PhCH,CHCO;H —qq> PhCH,CHCOOCH, ; 
Phenylalanine | 
i 
PhCH,CHCOOCH; 
Phenylalanine methyl 
ester 
Mechanism: 
:0: :OH OH :OH 
:0: : OH, 
lL . ¥G8 q Meo | ee 
R—C on white. Gay eel RC OH == R05 08 
An amino acid H QMe :OMe 


H,0 + | 
OMe OMe 
An ester + H,0: 


(ii) Formation of acid chlorides Conversion of amino acids into the corresponding acid 
chlorides is quite a difficult process since direct treatment of amino acids with phosphorus 
pentachloride, thionyl chloride, etc., fails to give the chloride because of the presence of 
—NHb, group. This can, however, be achieved by allowing the acyl derivative of an amino 
acid with SOCI,. 

RCONHCH,COOH + SOCl, —» RCONHCH,COCI + HCIT + SO,T 


An acyl derivative of An acid chloride 
an amino acid 
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(iii) Decarboxylation When amino acids are heated in the presence of BaOg, they undergo 
decarboxylation yielding the corresponding amines. For example: 


® 


NH; 
CH;—CH—COOo” 88°25 CH,NH + CO,7 
Alanine Ethylamine 
Mechanism: 
Ve 9 
og —CO @ & si 
CH; CH; C Loe ay H,N—CH—CH, Proton en CH,CH,NH, 
Ethylamine 


(iv) Reduction When amino acids are reduced with lithium aluminium hydride, they are 
converted into the corresponding alcohols without any loss of optical activity. 


as | 

HN: cH coe — HN cH CO,H “> HN CH—CH,OH 
CH(CHs3)o CH(CH3)o CH(CHs3)o 

Valine 2-Amino-3-methyl-1- 
butanol 


(c) Reactions due to both amino and carboxyl groups: 


(i) Effect of heat (dehydration) When an a-amino acid is heated two molecules of it react 
in such a way that the —NH, group of one forms amide with the —CO.H group of the 
other. A cyclic diamide is obtained as a result of intermolecular dehydration. Glycine, for 
example, produces 2,5-diketopiperazine. 


CH» Az CH, Px) CH, 
HN oF sas HN OO 2H, HN “008 
( OH (bu | | “OH | | “OoH 
_h~ i HOW C Ory HYOn, a 
Ss _-NH On 4 Baas we 2 ~ Z 
CHyg - ‘O CH HOD CH, 
Glycine 
(2 molecules) bene 
CH, 
a O 
mY 
C H 
Oo” “CH,” 


2,5-Diketopiperazine 
(a cyclic diamide) 
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It is to be noted that f-amino acids suffer B-elimination of NH, forming «,f-unsaturated 
acids, while ~ and 6-amino acids undergo intramolecular dehydration yielding lactams. 


(ii) Formation of hydantoin Amino acids reacts with isocyanates to form the corresponding 
carbamides which on warming with hydrochloric acid produce hydantoins. For example: 


® 0 Ph—N=C=O 
H3;N—CH—COs == H,N—CH—CO,H > PhNHCONHCHCO2H 
| Phenyl isocyanate l 
CH; CH; CHs 
Alanine A carbamide 
CH3;CH—— NH oe 
C=O warm 
ZO — NP 
A hydantoin 
Mechanism: 


| (% > ® +H® 
CH3;CHCO,H + Ph-N=C-O —> Ph—N=C ee | 


3H 


O O O CH 
So7 N8N cucu, Se cnen, geo" On 


+H® 

@ | om S| | <a... | 
HN Ce HN:—~ SC. @ Hoss 

a OH aye Or COR nr ae Cia 

asad NY SCHCH, _H,0 wc we we CHCH, _H,0° “c 7 NES cu GHy 
OH 
PhN COs PhN Crs PhN C 
CO, SO-H So 
Hp o/ A hydantoin 


(iii) Ninhydrin reaction When ninhydrine (indane—1,2,3-trione hydrate) is allowed to 
react with an aqueous solution of an amino acid in the presence of LiOAc (pH = 9), an 
intensely coloured purple anion (called Ruhemann’s purple) is obtained. The formation 
of this purple colour is used to detect amino acids. All amino acids (except proline and 
hydroxyproline which give a yellow colour) regardless of the identity of the R groups, form 
the same purple compound when react with ninhydrin and this is because in this reaction 
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the R-group of the amino acid is lost as an aldehyde, i.e., as RCHO. The reaction may be 
represented as follows: 


O :O Li® O 
OH ® 6 LiOAc/H,O 
ec oN a CO, GHsay* Cees 
O O O 
Ninhydrin An amino acid Ruhemann’s purple 
+ RCHO + CO, + AcOH + 2H,O 


An aldehyde 


Mechanism: 
The mechanism of the reaction involves the steps as follows: 
Step 1: Formation of an imine (a Schiff’s base) 

Li®OAc® + H,O == (Li® + OH®) + ACOH 


® 
H,N —CHR—CO§ + LiOH — = H,N—CHR—CO§ Li® + H,O 


O O O 
OH -H,0 ( wNcuRcHPLe NH,CHRCOS ia 
OH * ~ 0° 

O O 


e) 
Ninhydrin Indane-1,2,3-trione |#* 
H 
p a6 NCHRCO®Li® 
N—CHRCO$8 Li? 22 ant 
OH 
6) re) 


First imine 


Step 2: Decarboxylation of the first imine to yield a second imine (a Schiff’s base) 


5 OPLi® 
s —CO — 
Orbe gm =, Oreo 


C=O 
o%* 


Ve .. 
Li:O Second imine 
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Step 3: Hydrolysis of the second imine to form an amine 


Pe ae OPLi’ 6H, O°Li® 


CIS Aydin ae _2H*, Opes a 
d 
Oi 1g +H 
i a 4s CI i 


An antn 
An amine 


Step 4: Condensation of a second molecule of indane-1,2,3-trione with the resulting amine 
to form the purple coloured compound 


& ta O CrLi’ 
® 
| H® 
- OLi® 


a hag 


oheSl on od fe 


Ruhemann’s purple 
(a purple anion) 


The purple compound is highly stabilized by resonance involving four equivalent resonance 
structures. 


CO: 0 0 Q 
obi = COLES > CEI 
y 
O QO 


Amino Acids, Peptides, Proteins and Nucleic Acids 10.39 


Because of extensive electron delocalization leading to very low energy absorption in the 
visible region (colour absorbed: green; wavelength absorbed : 500-560 nm), the compound 
exhibits purple colour. 


It is to be noted that the only portion of the purple compound derived from the amino acid 
is the nitrogen. 


Behaviour of proline and hydroxyproline The two amino acids do not react with ninhydrin 
like other amino acids and this is because their a@-amino groups are part of a five-membered 
ring (secondary amines). They give different compound when react with ninhydrin. These 
absorb light at different wavelengths and therefore, they exhibit yellow colour instead of 
purple. When proline is allowed to react with ninhydrin, the following yellow compound 
with a structure probably stabilized by the contribution of an ylide form is obtained. 


ec CO,H 
O O . O 
OH -H,0 Ga (proline) , Naa 
OH +H® OH 
O O O 
loa 
5 7 tecae CO$ 
X ov 5 Ons 
a —CO, & —H,O N 
@s N <— N <M @— 
). \_ COH, 
°Q: O O 
t 
O 
2 of 
\ I 
O 
An ylide 
(yellow) 


Ninhydrin is a reagent which is also widely used for the quantitative measurement of 
amino acids. After separation by some chromatographic methods, the amino acids are 
treated with ninhydrin reagent and the concentration of the purple colour developed is 
measured spectrophotometrically. 

A new very sensitive method of detection and analysis of amino acids, which is useful 
down to the 10- mole level depends on the formation from RNH, and fluorescamine, of 
substances which are intensively fluorescent in UV light. 
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C,H; R~N 
O ah 
RNH, = + 990 —-+ onl CeHs 
An a-amino acid O CO,H 
Fluorescamine Fluorescent product 


Proline and hydroxyproline are exceptions because neither has the necessary primary 
—NH, group needed for the reaction. 


(iv) Formation of metal chelates A few amino acids form complex salts when reacts with 
solutions of metal oxides or hydroxides. Glycine, for example, reacts with cupric hydroxide 
to form deep-blue needles of a copper salt. 


Ow 


Ss 
C— NH,—-CH 
® ia 2 2 
2 H;NCH,CO’ —= 2 H,NCH,CO,H oO > Bee 
Glycine CH,—NH, O —— Os, 
Copper glycinate 


(deep blue needles) 
10.1.8 Estimation of c-Amino Acids 


There are several methods by which a-amino acids can be estimated. Two important 
methods are discussed below: 


(a) van Slyke method This method is based upon the measurement of the volume of 
nitrogen gas liberated when an amino acid is treated with nitrous acid. 


HNO, 


ae @ 
H,NCHRCO? —= H,N—CHR—CO.H > N=N—-CHRCO,H 


He HAO: 
Ni + HO—CHRCO,H 
During the experiment, some unstable HNO, decomposes to give nitric oxide (NO). 
3HNO, —> HNO, + H,O + 2NOT 


Therefore, a mixture of N. and NO is obtained. The mixture is then passed through 
alkaline KMnO, solution whereupon the nitric oxide is absorbed. The residual nitrogen is 
measured. One molar volume of nitrogen at STP is equivalent to one —NH, group. 


(b) Sorensen formal titration Amino acids are present in aqueous solution largely as 
zwitterions and cannot be titrated directly with standard alkali owing to the buffering 
effect of the zwitterions. If the aqueous solution of an amino acid is treated with an excess of 
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a carefully neutralized solution of HCHO, it can then be titrated with a solution of a strong 
alkali. Formaldehyde reacts with the amino group of amino acids to give condensation and 
addition products. For example: 


@ eo. HCHO — 
H,NCH,CO? —= H,NCH,CO.H > CH,=NCH,CO.H + H,0 


Glycine Methyleneglycine 


© eo. 2HCHO 
or, H;NCH,COs — = H,NCH,CO,H ———~> (CH,OH),NCH,CO.H 


Glycine Dimethylolglycine 


This treatment ‘masks’ the amino group and hence the carboxyl group can be easily titrated 
with alkali. This method of estimating amino acids is known as Sorensen formal titration. 


10.1.9 Resolution of DL-Amino Acids 


When qa-amino acids are synthesized in nature, only the L-enantiomer is produced. 
However, with the exception of glycine which has no chirality centre, all the laboratory 
syntheses of amino acids produce racemic products. Pure L-enantiomers (biologically 
active) are required for peptide synthesis. Therefore, to obtain the naturally occurring 
L-amino acid, we must, of course, resolve the racemic form. The two important methods 
for resolving amino acids into their enantiomers are as follows: 


(a) The diastereoisomeric salt method Since neutral amino acids remain in zwitterionic 
form, it is not possible to resolve them either as an acid or as a base. They need to be 
converted into such derivatives which can subsequently be resolved either as an acid or 
a base. The amino acid is usually converted into an amide. The resulting amide, which 
is a typical acid, is then allowed to react with one enantiomer of a chiral base. Two 
diastereoisomeric salts are obtained. They are separated by fractional crystallization by 
taking advantage of their different solubilities. Removal of the chiral base followed by 
hydrolysis of the amide results in formation of pure enantiomeric amino acids. Alanine, 
for example, may be resolved as follows. It is first treated with benzoyl chloride in the 
presence of aqueous base to yield N-benzoylalanine, which is a typical acid. 


® 
NH, NH, CHs 
| S ois | PhCOCl | 
CH;—CH—CO, =~ CH;—CH—CO,H —_>,> PhCONHCHCO,H 
OH°H, 
Alanine N-Benzoylalanine 


Racemic N-benzoylalanine is then resolved in the normal way with the optically active 
base brucine or strychnine as follows: 
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(D, L)-Alanine \CH;CHCO.H 
owen.o | picoa 


PhCONHCH(CH;)CO,H 
N-Benzoyl-D,L-alanine 


(—)-Brucine salt of 
N-Benzoyl-D-alanine Bs 
(less soluble) 


[Paes 


(—)-Brucine salt of 
N-Benzoyl-D-alanine 
(more soluble) 


Separated by fractional 


| 


(—)-Brucine salt of 
N-Benzoyl-D-alanine 


J dil. HCl 
CO,H 

H—|-NHCOPh 
CH, 


N-Benzoyl-D-alanine 


1. OHYH,O, A 

2. H,0® 

Vv 

CO,H 

H——_NH, 
CH, 

D-Alanine 

(optically pure) 


crystallization 


(—)-Brucine salt of 
N-Benzoyl-L-alanine 


J dil. HCl 


CO,H 
PhCOHN-+- H 
CH, 


N-Benzoyl-L-alanine 
(it is subsequently purified by forming strychnine salt) 
1. OHYH,O, A 
2. H,0® 


Mirror plane 
——— v 


CO,H 
H.N——H 
CH; 
L-Alanine 
(optically pure) 
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The enantiomer which forms the less soluble salt is usually obtained in an optically pure 
state. Since the brucine salt of N-benzoyl-D-alanine is less soluble, it is obtained in an 
optically pure state and as a consequence, D-alanine is obtained in an optically pure state. 
The brucine salt of N-benzoyl-L-alanine is usually isolated by evaporation of the solution. 
It must be optically impure because some of the less soluble salt invariably remains in 
solution. L-alanine is, therefore, isolated in optically impure state. The strychnine salt of 
N-benzoyl-L-alanine is less soluble and because of this, the impure N-benzoyl-L-alanine 
is treated with strychnine to give a crystalline and optically pure strychenine salt. In this 
way, both enantiomers of alanine are obtained in optically pure form. 


(b) Enzymetic resolution Certain enzymes (biological catalysts) can be used to resolve 
racemic amino acids into enantiomers. Enzymes are chiral molecules and so, they react 
differently with the enantiomers of an amino acid. It has been observed that may enzymes 
catalyze the reaction of only one enantiomer. Therefore, when a racemic mixture is exposed 
to an enzyme, one enantiomer will react while the other remains unchanged and can 
be recovered. When an acylated amino acid is treated with enzyme hog-kidney acylase, 
the enzyme catalyzes the hydrolysis of N-acetyl-L-amino acid but does not catalyze the 
hydrolysis of N-acetyl-D-amino acid. The resulting mixture of acylated D-amino acid and 
deacylated L-amino acid is easily separated because the former is soluble only in base, 
while the latter is soluble in both acid and base. Finally, the D-amino acid is obtained when 
N-acetyl-D-amino acid is hydrolyzed with dilute acid. The resolution of (D,L)-leucine, for 
example, by using the enzyme acylase from hog kidney may be outlined as follows: 


CO.H CO.H 
H—|-NE, + H,N-|-H 

CH,CHMe, CH,CHMe, 
D-Leucine L-Leucine 


a: 


Racemic mixture 


Acetylation | CH,COOCOCH, 


CO,H CO.H 
H—|-NHCOCH, + CH,CONH-+-H 
CH,CHMe, CH,CHMe, 
N-Acetyl-D-leucine N-Acetyl-L-leucine 
\ J 


Racemic mixture 
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hog-kidney acylase 


CO.H CO,H 
H—|-NHCOCH, 4 H,N—--H 
CH,CHMe, CH,CHMe, 
- -Acetyl-D-leucine L-Leucine ) 


using aqueous acid or alcohol 


| | 


CO.H CO.H 
H—|-NHCOCH; H,N-}-H 
CH,CHMe, CH,CHMe, 
N-Acetyl-D-leucine L-Leucine 
| 1. OHY/H,0, A 


Fractional crystallization 


2. H,0® 


CO.H 
H a NH, 

CH,CHMe, 
D-Leucine 


Because the resolution, i.e., separation of the enantiomers depends on the difference in 
the rate of reaction of the enzyme with the two N-acetylated compounds, this technique 
is known as a kinetic resolution. D-Amino acid oxidase may also be used to separate a 
racemic mixture of an amino acid. 


Pt  SOUVED PROBLEMS 


1. Explain why L-cysteine is unique in having R configuration, even though 
most naturally occurring amino acids have S configuration. 


Solution In most naturally occurring L-amino acids, the —COOH group gets priority over 
the —R group and because of this, they have S configuration. However, in L-cysteine, the 
R- group, i.e., the —CH,SH group gets priority over the —COOH group (because S has 
greater atomic number than O) and so, it is unique is having the R configuration. 
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3 
CO,H 
1 4 
H.N H [Since 1 > 2 > 8 traces an anticlockwise path and 
2CH.SH the lowest priority ligand (H) is on the horizontal 
. bond, the configuration is R.] 
L-Cysteine 


(R)-Cysteine 
2. What do you mean by complete and incomplete proteins? 
Solution Complete proteins are those which provide all the amino acids in about the right 


proportions for human nutrition, whereas incomplete proteins are those which are se- 
verely deficient in one or more of the essential amino acids. 

3. Give the amino acids with more than one dissimilar chiral centres. Give 
Fischer projections for all the stereoisomers of one of them. Write their 
names with D/L and R/S designations. 

Solution There are three amino acids with more than one dissimilar chiral centres and 


these are as follows: 
H 


CHyCHACH—CHCO§ CHyCH—CH—CO§ HOT 
CH, NH, OH “NH; X\cos 
Isoleucine Threonine H’ “H 
4-Hydroxyproline 
CO.H CO.H CO.H CO.H 
H,N—+—H | H--NH, H,N—+_H H—|_ NH, 
H,C —— H H—— CH; ; H—— CH, H,C—— H 
C,H; C,H; C,H; C,H; 
L-Isoleucine D-Isoleucine L-allo-Isoleucine D-allo-Isoleucine 


(2S, 3S)-2-Amino-3- (2R, 3R)-2-Amino-3- (2S, 3R)-2-Amino-3- (2R, 3S)-2-Amino-3- 

methylpentanoic acid methylpentanoic acid methylpentanoic acid methylpentanoic acid 

u 7 a & = J 
Enantiomers 


Enantiomers 
4, Predict the configuration of (+)-alanine which is related to L-(+)-lactic 
acid by the following sequence of reactions: 


COH 
PBr3 NaN, H,/Pt j 
ne vin TT Pyridine Acetone > (+)-Alanine 
H;C’ \ 
OH 


L-(+)-Lactic acid 
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Solution 
a) 
CO.H ‘Br: CO,H yy Cpy CoH 
. —— Pr, Br a 4 Sy2 ua -N3 
RO a. > an) og a Mn 
ay SO (Retention of H™ <o.\ Per, (Inversion of ey ae =| 
HH” configuration) configuration) Br 
CH; t CH; CH; 
:P 
y NaN, ie : 
(Inversion of 
acetone : 
configuration) 
2 
bok COH CO 
4 H./Pt 
H —+H — att C eae tt C 
2N 3 H” yi NH, (Retention of H” Pa Ng 
CH3 CH, configuration) CH, 


L-(+)-Alanine 
or, (S)-Alanine 


Hence, (+)-alanine has S configuration. 
5. Explain the following observations: 

(a) Amino acids are nonvolatile crystalline solids and most of them 
decompose rather than melt at fairly high temperatures. 

(b) Amino acids are appreciably soluble in water but insoluble in 
nonpolar solvents. 

(c) Amino acids have much larger dipole moments (uu) than simple amines 
or simple acids. 

(d) Amino acids are less acidic than most carboxylic acids and less basic 
than most amines. 


Solution Although we commonly write amino acids with an intact carboxyl (—COOH) 
group and amino (—NH.,) group, their actual structure is ionic and this is because the 
carboxyl group loses a proton to form a carboxylate ion, and the amino group accepts that 
proton to form an ammonium ion. 


_ ® e Amino acid as 
Non = a aia found in the solid state 


R R 
Uncharged structure Dipolar ion or zwitterion 
(minor) (major) 


(a) That amino acids are crystalline solids is a consequence of the strong intermolecular 
electrostatic forces of attraction. These attractions stabilize the solid state and 
resist conversion of the solid state into a liquid. Because of this salt-like nature, 
amino acids decompose rather than melt at high temperatures. 
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(b) Since water solvates the ionic groups of amino acids by forming H-bonds and ion- 
dipole bonds. They are soluble in water. However, they are insoluble in nonpolar 
solvents like benzene, ether, etc. because these solvents are unable to solvate the 
ionic groups in the dipolar ion. 

(c) Molecules containing a great deal of separated charge are expected to possess large 
dipole moment. Consequently, amino acids containing a great deal of separated 
charge possess a large dipole moment than simple amines or simple acids (in which 
there is no possibility of formation of zwitterion by proton transfer). For example: 


® 
H,N—CH.—CO; 5 CH;CH,CH,NH, ; CH;CH,CO.H 
Glycine, u = 14D Propylamine, u4=1.4D  Propanoic acid, uy = 1.7D 

(d) Amino acids are less acidic than most carboxylic acids and less basic than most 


® 
amine because the acidic part of the amino acid molecule is the —NH, group, not 
a —COOH group and the basic part is the —COO® group and not a free —NH, 


group. 

i i 

. : 
R-C—OH  R —NH, pK, = 10 + H,N—CH—CO$~< pK, = 12 | 
pk, =5 pk, = 4 


6. Mention the structural feature that distinguishes proline from the other 
amino acids. 


Solution Proline is a 2° amine and also, the amino N is part of a five-membered ring. 


aa 
H 


Proline 


7. What are the D/L and R/S configurations of most naturally occurring 
amino acids? 


Solution Configurations of most naturally occurring amino acids are L and S. 
8. Explain why amino acids are amphoteric. Write equilibrium equations to 
show the atmospheric behaviour of an amino acid in aqueous medium. 
Mention the net charge of amino acid at pI, lower pH and higher pH. 


® 
Solution Because amino acids contain both acidic (-NH,) and basic (-CO}) groups, 
they are amphoteric (having both acidic and basic properties). 
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@ @ 
OH°+ H;NCHRCOOH == [H;NCHRCOO°+ H,O] == H,NCHRCOs + H,0° 


Cation Ampholite Anion 
or neutral 


x Acting as a base | Acting as an acid > 


8 
At the isoelectric point (p/), an amino acid has a net charge of zero, with —NH, and 
—COO® balancing each other. In more acidic solution (lower pH), the -COO° group 
becomes protonated and the net charge is positive. In more basic solution (higher pH), the 


® 
—NHs group loses its proton and the net charge is negative. 
9. Explain why amino acids are least soluble at pI but most soluble at 
pH <2 or pH > 11. 


Solution At the isoelectric pH or isoelectric point (p/), the concentrations of the cationic 
and anionic forms are equal but least, and that of the dipolar ion or zwitterion is the 
highest. However, because of intermolecular electrostatic and H-bonding interactions, the 
dipolar ion does not get hydrated appreciably and thus an amino acid has least solu- 


bility in water at pJ. On the other hand, the cationic (H; NCHRCO,H) and the anionic 
(H,NCHRCO§) forms of amino acids get maximum hydrated and become most soluble 
in water. Since the concentrations of the cationic and the anionic forms are maximum at 
pH < 2 and pH > 11, respectively, amino acids are most soluble at pH < 2 (i.e., at strongly 
acidic solution) and at pH > 11 (.e., at strongly alkaline solution). 
ne 
10. The guanidine group (—NH—C—NH,) of arginine is one of the most 
strongly basic of all organic groups. Explain this observation. 


Solution Since the conjugate acid (obtained by protonation at the doubly bonded nitrogen 
atom) is highly stabilized by resonance (two equivalent resonance structure out of three), 
the guanidino group of arginine is one of the most strongly basic of all organic groups. 


is ® ie “i 
NH NH, NH, NH, 
. dt .. HA Il .. . | @ oe | .. 
RNH—C—NH, ~~ ABy RNH—C—NH, <> RNH—C=NH,<>RNH=C—NH, 
Arginine 


Conjugate acid 


(R= al | ai (resonance-stabilized) 


NH, 


11. Explain why the specific rotation, [on] , an amino acid is pH dependent. Is 
there any change of absolute configuration of the amino acid with change 
in the pH of the medium? 
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Solution Because of different polarisability of various groups, they differ in their optical 
rotatory power. Therefore, the optical rotatory power of an amino (—NH,) group and an 


8 
aminium (—NH,) group are different. The same is true for a carboxyl (—CO,H) group 
and a carboxylate (—CO$) group. As a consequence, the specific rotation of the dipolar 


ion or zwitterion and those of the cationic form (H, NCARCO,H) and the anionic form 
(H,NCHRCO$) are different. Since the concentrations of these three forms are different 
at different pHs, an amino acid exhibits different specific rotations at different pHs, 1.e., 
the specific rotation, [ox }2° , of an amino acid is pH dependent. 

Although the specific rotation of an amino acid changes with changes in pH of the medium, 
the configuration of the chiral centre remains unchanged because no bond to the chiral 
centre breaks with changes in pH. For example: 


CO,H CO; CO; 
® OH? ® OH? 
H3N H H,0° H3N H H,0° HN--H 
CH,CHMe, CH,CHMe, CH,CHMe, 
L-Cationic form L-Leucine L-Anionic form 


{~s (Dipolar ion) {ss 


Configuration retained Configuration retained 


12. Comment on the nature of the medium (acidic or basic) required to speed 
up esterification and acylation of an amino acid. 


Solution In strongly acidic solution, the cationic form NH, CHRCOOH, which contains 
a free —COOH group, remains as the major species. Therefore, to speed up the esterifi- 
cation of an amino acid, the reaction is to be carried out in strongly acidic solutions. On 
the other hand, to speed up acylation, it is to be carried out in strongly alkaline solutions 
where the major species, HNCHRCO$ , contains a free —NH, group. 

13. In quite alkaline solution, an amino acid contains two basic groups, 
—CO§ and —NH,. Which one of these two is expected to be more basic 
and why? Give the product of protonation of the species containing these 
two groups. 


Solution The unshared electron pairs on oxygen is delocalized in —CO§ but the un- 
shared electron pair on nitrogen in —NH, is localized and readily available to proton. 
Therefore, the —NH, group is more basic than the —CO§ group. This agrees with their 
K, values. 
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-4 
ror Nit, 20 andor 000, Ke we 


-11 
EK. 267 = 


5 ® 
Therefore, the product of simple protonation of H,NCHRCO§ is H; NCHRCO§. 
14. In quite acidic solution, an amino acid contains the two acidic groups, 
® 
—COOH and — NH, . Which one of these two is expected to be more acidic 


and why? Give the product obtained when base is added to the species 
containing these two groups. 


Solution Because of strong electron-attracting inductive effect (-I) of the iminium 
® 
(—NH,) group, the —COOH group is more acidic. This agrees with their K, values. 
Ky _ 10“ 


® 
For —COOH, K, ~ 10 and for —NH,, K, = —~ 


-10 
K, ~10% oe 


Therefore, the —COOH group will give up proton readily as base is added to the species 
® ® 
H; NCHRCO,H. Hence, the product is H, NCHRCO§ (the dipolar ion). 


15. (a) Draw the form in which lysine predominantly exists in a solution 
with following pH: 
@) pH=0 Gi) pH=4 (iii) pH = 9.87 (iv) pH = 12 


@® 
pk, = 10.79 PINCH Oe pk, = 2.18 


(b) Draw the form in which aspartic acid predominantly exists in a 
solution with the following pH: 
Gi) pH=1 (ii) PH = 2.85 iii) pH=6 (iv) pH = 11.5 


pk, =1.9 


0,CCH,CHCO,H*1 
——_ 
pK, = 3.8 NH3 


~~ pK, = 9.8 


Aspartic acid 


(c) Draw the form in which alanine predominantly exists in a solution 
with the following pH: 
G@) pH=0 Gi) pH = 6.02 (iii) pH = 12 
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Solution 
(a) (i) 
(ii) 
(iii) 
(iv) 


pK, = 2.34 


CH;—CH—COOH~1 


® 
NHs~J pK, = 9.69 


Alanine 


The protonated amino groups and also the carboxyl group will remain in their 
acid forms because the pH of the solution is less than their pK, values. That 
is, at pH = 0, lysine exists in the following form: 


HyN(CH,)CHCOH 
°NH; 


(at pH = 0) 
Both the protonated amino group will remain in their acid forms because the 
pH of the solution (pH = 4) is less than their pK, values. On the other hand, 
the carboxyl group will remain in its basic form because its pK, is less than 
the pH of the solution. Therefore, at pH = 4, lysine exists in the following 
form: 


@ 
H;N(CH,),CH—CO$ 


®NH; 
(at pH = 4) 


The protonated a- NH, group and the —COOH group will remain in their 
basic form because the pH of the solution (pH = 9.87) is greater than their pK, 
values. On the other hand, the other protonated amino group will remain in 
acidic form because its pK, is greater than the pH of the solution. Therefore, 
the form in which lysine exists in a solution with pH = 9.87 is: 


@® 
HyN(CH,),CH—CO3 


NH, 
(at pH = 9.87) 
Both the protonated amino groups and the carboxyl group will remain in their 


basic forms because the pH of the solution (pH = 12) is greater than their pK, 
values. Therefore, at pH = 12, lysine exists in the following form: 


HaN(CH)4CHCO3 
NH, 


(at pH = 12) 
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(b) Different forms of aspartic acid: 


(i) HOsCCH,CHCOsH (ii) HOsCCH,CHCO8 
®NH; °NH; 
(at pH = 1) (at pH = 2.85, 
i.e., at pl) 
(iii) °O,CCH,CHCO$ (iv) “OACCHCHCO: 
°NH3 NH, 
(at pH = 6) (at pH = 11.5) 
(c) Different forms of alanine: 
(i) ee (ii) a 
®NH3 °NH; 
(at pH = 0) (at pH = 6.02) 
(iii) Ca 
NH, 
(at pH = 12) 


16. Identify the amino acid which has: (a) the lowest pI value, (b) the highest 
pl value (c) the greatest amount of negative charge at pH 6.20 and (d) a 
greater negative charge at pH 6.0: glycine or methionine. 

Solution 

(a) Aspartic acid, HO,C CH ,CH(NH,) CO.H, has the lowest pl value, (b) arginine, 
HN=C(NH.)NH(CH,)sCH(NH,)CO.H, has the highest pl value, (c) aspartic acid, and 
(d) methionine. 

17. In an alkaline solution alanine, H,NCH(CH;)CO§, has two basic groups. 
Write the forms of alanine obtained when 1 and 2 equivalents of acid are 
added, respectively. 


Solution The —NH, group is more basic than the —COP group and because of this, the 


® 

form of alanine obtained on addition of 1 equivalent of acid is H, NCH(CH;)CO§ the di- 

polar ion or zwitterion. Therefore, the form obtained on addition of 2 equivalents of acid is 
® 

H; NCH(CH3)CO,H , the cationic form. 


18. Explain why the -R group of tryptophan is very weakly basic than the -R 
group of histidine. 
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Solution R- groups of these two amino acids are as follows: 


CH,— 
CH,— — q 2 
Indole ee) N NH Imidazole 
ring ee a ring 


(of tryptophan) (of histidine) 


The unshared electron pair on nitrogen of the indole ring is involved in maintaining 
the aromatic sextet. The N atom is, therefore, very much reluctant to accept a proton 
by sacrificing aromaticity of the five membered ring. On the other hand, the double- 
bonded N in the imidazole ring is histidine is much willing to accept a proton because the 
corresponding conjugate base is highly stabilized by resonance involving two equivalent 
resonance structures and also the aromaticity is preserved. 


3 The conjugate acid of 
He eo the —R group of tryptophan 
(the positive charge 
is localized and the 


aromaticity is lost) 


CHy— CH,— 
_ 2 - 2 = The conjugate acid of 
NS @ the —R group of histidine 
Pe <— HN. WN H 
(the positive charge is delocalized 
and the aromaticity of the ring 
is preserved) 


19. Toward which electrode an amino acid, placed in an electric field, would 
migrate at a (a) pH < pl, (b) pH > p/, and (c) pH = p/? Give your reasoning. 
[C.U. 2015] 


Solution In an aqueous solution, there exists an equilibrium between the dipolar ion or 
zwitterionic form and the anionic and cationic forms of an amino acid: 


® O ® O 
OH + H;NCHRCO,H #22 H,;NCHRCO? 225 H,NCHRCOS + H,0° 
Cationic form Dipolar ion Anionic form 


(a) At a pH lower than its pl, the cationic form predominates and therefore, when 


exposed to an electric field, an amino acid migrates toward the cathode (the 
negative electrode). 
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(b) Ata pH higher than its p/, the anionic form of an amino acid predominates and 
therefore, when exposed to an electric field, it migrates toward the anode (the 
positive electrode). 

(c) At its p/, an amino acid exists predominantly as the dipolar ion having balanced 
charges and therefore, no net migration occurs when placed in an electric field. 

20. Define the isoelectric point of an amino acid. How would you separate 
glycine (pI = 6.0) from lysine (pI = 9.8) by electrophoresis? 

[C.U. 2011, 2014] 


Solution See article no. 10.1.4. 


An aqueous solution of the mixture of the two amino acids is placed on a filter paper (the 
supporting medium) and subjected to an electric field. The pH is adjusted to either 6.0 or 
9.8. At pH = 6.0, glycine does not migrate but lysine migrates to the cathode. At pH = 9.8, 
lysine does not migrate while glycine migrates to the anode. 


@ @ 
H,NCH.CO$ H3N(CH»)4—CH—CO$ 
Zwitterionic —— ie aN(CH)4 | ao Cationic form that 


son Pelican °NH3 migrates to cathode 
aon Lysine 
(at pH = 6) 
H,NCH,CO3 —J Anionic form ] HsN(CH,),CHCO3 — 
Glycine that migrates to ‘ | ' a a 
(at pH = 9.8) anode NH; form 
Lysine 
(at pH = 9.8) 


21. What is the suitable pH for separating a mixture of glutamic acid (pI = 
3.2), arginine (p/ = 10.8) and threonine (pI = 6.5) by electrophoresis? Give 
your reasoning. 


Solution The suitable pH for separating a mixture of glutamic acid, arginine and threo- 
nine is 6.5. This is because at this pH, threonine has zero net charge and does not migrate 
to any electrode, glutamic acid (pl = 3.2) ios converted to its anionic form, and migrates 
to the anode and arginine (p/ = 10.8) is converted to its cationic form, and migrates to the 
cathode. 


NH, 
e | Q 
MeCI(OH)CHOO: H,N= Ne COROT HCO: 
®NH; °NH; °NH3 
Threonine Arginine Glutamic acid 
(dipolar ion at (cationic form at (anionic form at 


pH = 6.5) pH = 6.5) pH = 6.5) 
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22. p-Aminobenzoic acid (p-H,NC,H,CO,H) does not exist as the dipolar ion 
zwitterion, whereas p-aminobenzenesulfonic acid (p-H,NC,H,SO3H) does. 
Explain this observation. 


Solution K,, for the aromatic —NH, group (~1072°) is somewhat lower than the K,, for the 
—CO§ group (~10~°). Therefore, the —CO§ group is slightly more basic than the aromatic 
—NH, group. As a result, the -NH, group is not neutralized by the internal -CO,H group. 
Since the —SO.H group is strongly acidic, it can neutralize an aromatic -NH, group. For 
this reason, p-aminobenzoic acid does not exist appreciably as the dipolar ion, but p-ami- 
nobenzenesulfonic acid (sulphanilic acid) does. 


CO.H CG; SO3H SO$ 
x > = 
NH, °NH; NH, °NH3 


p-Aminobenzoic Dipolar ion p-Aminobenzene- 


; oeueh Dipolar ion 
acid sulfonic acid 


(not formed) 
23. Comment on the stereoisomers of the amino acid cystine (Cys-Cys). 


Solution The amino acid cystine (Cys-Cys) contains two similar asymmetric carbons. 
Therefore, it exists as two optically active isomers and one optically inactive meso-com- 
pound. Fischer projections of these three stereoisomers are shown below: 


CO,H Aiea CO,H CO,H 
H.N—i—H Plane yy 4 _NH, H,N—)—H 
CHy ! a CH, 
S S S 
= ee — Plane of symmetry 
S ; S 
CH, | CH, CH, 
H——_NH, '  Hy,N—*+—H H,N—*—H 
CO.H CO,H CO.H 
meso-compound 
(S, 8) (R, Ry (R, S) 


Enantiomers 
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24. How would you carry out the following transformations using reductive 
amination in one of the steps? 


(a) Me,CHCH,CO,Et —_> Me,CHCH,CHCO.H 
Ethyl 3-methylbutanoate sees 
2 


Leucine 
(b) CH;,CO,Et ———> CH;CHCO,H 
Ethyl acetate 
NH, 


Alanine 
(c) _CO>Et HO,CCH,CH,CHCO,H 
(CHa —> | 
“CO,Et NH, 
Diethyl succinate Glutamic acid 
Solution 
CO,Et 


| 
(a) Me,CHCH,CO,Et + on a> ~Me,CHCH— a CO,Et 
O 


CO,Et 


CO.H 


Me,CHCH,CCO,H <—“- |Me,CHCH—C—CO,H 


! ! 

O O 

NH;, H,/Pd ; 
| ee (Decarboxylates readily 


Ss as due to presence of a keto 
Myeen ae record NH, group £ to a COOH group) 


NH, 
(D, L)-Leucine 
(ammonium salt) 


(b) CHsCO,Et + CO Et 


| ee? EtO.CCH,CCO,Et 
CO,Et i 


H,0°%/A 


CHsCHCOOP NH? <hr CHsCCO,H <— _1H0,CCH,CCO,H| 


| 
NH, O 


(D, L)-Alanine 
(ammonium salt) 
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CO,Et 
(c) CH,CO,Et CO Et y,onvmon | H,0°%A 
| +. | any > HaC—CH—C—CO,Et 
CH,CO,Et CO,Et | 
CO,Et O 
58 CO,H 
CH,—COnNH, wi, CHy—COH co, ee ee 
CH,—CHCOONH, ™?4  CH,COCO,H | ; 
| CO.H =O 


NH, 
(D, L)-Glutamic acid 
(ammonium salt) 

25. How would you prepare (S)-alanine from (a) (R)-MeCH(OH)CCIl, and (b) 

(S)-serin? 
Solution 

(a) When (R)-MeCH(OH)CCl, is treated with alkaline solution of NaN, and the product 

is reduced with H./Pd, (S)-alanine is obtained. 


H 
Og Pei x6) roi TN 


_ Sot SS 0) = 5 
H ean wi co 0? H “att C. —cpP H ern Cuma thus, Cl 
4 Nel 7 Cl 7 \ 
Me Me vy Me \ Cl 
(R) no 
to) 
ate 
O 
H H H | 
Mew” wa): HL/Pd Mew” 70H H,O Mew” ae 
C a C 2 C 
| | hydrol | o 
NH, N3 N3 
(S)-Alanine 
CO.H CO.CH3 CO.CH3 
(b) | CH,OH/H® PCls 
Coin. FT (esterification) Citi. H Cat. Fy 
BOCES. "aE HOCH, ‘fn, cick, ‘Sn, 
(S)-Serine 
[puree 
CO; 2 CO,CH3 
| OH7/H,O | 
Cun Tn H Citi. Fy 
® a ® 
HC NHs CHs NHg 


(S)-Alanine 
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26. How would you carry out the ne transformations? 


» or een 


Naphthalene 
eee 
O NH, 
(b) OL See —-> PhCH,CHCO,H (Gabriel phthalimide synthesis) 
ra’ Phenylalanine (C.U. 2013) 
Potassium phthalimide _ 
Solution 
CO,H t t 
CO,H HO” 
O O 
Phthalimide 
(with ethanolic KOH 
it forms potassium salt) 
PhCH,—CHCO,H iene CO,.K 
One gone, 2 Sep taco aq. sau en 2 
CO,K 
Potassio valine N- siietated phthalimide + PhCH,CHCO,K 
® NH, 
ie, 
COOH 4g; 
PhCH,CHCO,H + Zs 
COOH 


(D, L)-Phenylalanine 
(salt) 
27. Show how Gabriel-malonic ester synthesis could be used to make (a) 
valine, (b) aspartic acid and (c) methionine. 


Solution 
t LB 
2 COIL cmtcoyeo, Bit “HOH? Oy —6CO,Eb), Corp, HR Be 
O 
N-phthalimidomalonic ester 
CO.H H,0° 
CMe al 7 (CH3),CH— ames re Cab 
2 
Phthalic acid °NHs O CH(CHs3)o 


(D, L)-Valine (salt) 
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ee a Ne IS aa esislick cscs ica ed pela a et ht aa aca cheeacatancdedle: pee 
O 
NaOEt Br aaa. (CO,Et), 
(b) COIL -cuco,, OH? oy —~6(CO,Et), Sa 
O 
N-phthalimidomalonic 
ester 
CH,COOH O CH(CO;Et), 
COOH | H,0° 
ey eres + H;N—CHCO,H <20— N-C(CO,Et), 
eo (D, L)-Aspartic acid O 
Phthalic acid (salt) 
O 
ee ae CH,CH,SCH 
(c) CIC N-cHtcogsey, oH -NaQEt , OG comp 
O 
N-phthalimidomalonic 
ester 
CH,CH,SCH3 O CH,CH,SCH; 
® O 
H,N—CH—CO,H <“#0— COIL ceco.n, 
(D, L)-Methionine O 
(salt) 


28. How would you carry out the following transformation involving Strecker 
synthesis? 


* 
on HO-XO) Che 00 =O 
NH, 


Solution The labelled tyrosine may be prepared as follows: 


OH OH OH 
* Br-CH,CHO: "2 > Se 
Phenol Bromoethanal eee) . 
CH,CHO CH)~ CH—CN 
NH, 
7 H;0°%/A 
HO~ © >-CHsCH-COH : 
°NH3 


(D, L)-Tyrosine (salt) 
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29. What problem arises in application of Strecker synthesis for the synthesis 
of lysine? 

Solution For the preparation of lysine, H,N(CH,),CH(NH,)CO,H, using Strecker synthe- 
sis, an aldehyde like H,N(CH,), CHO is required and the preparation of this compound 
in stable form is difficult because it readily forms a six-membered nitrogenous heterocycle 
by an intramolecular addition reaction followed by loss of water. The resulting compound 
undergoes nucleophilic addition of HCN to form 2-cyanopiperidine. The reaction sequence 
may be shown as follows: 


—H,0 HCN 
ee oe: i ae cN—> Sykes 
CoH 
NH, 
5-Aminopentanal 1S ae LON 2- Gone ate 
30. Prepare lysine from 2-oxocyclohexanecarboxylic acid using the Schmidt 
reaction? Give the reactions involved. 


Solution When 2-oxocyclohexanecarboxylic acid is subjected to two consecutive Schmidt 
reactions, lysine is obtained. The reactions may be outlined as follows: 


O NH 
CO.H _HN. , _H,0° 
CY “H,S0,” CO.H hydrol. ——_-> HO,C —(CH»2)4— CHCO,H 
2-Oxocyclohexane- (Schmidt) 
carboxylic acid H, eet 
i (Schmidt) 
H,N(CH,),CHCO,H 


Lysine (salt) 


The first Schmidt reaction occurs with the Keto group, whereas the second Schmidt 
reaction occurs with the carboxyl group. 
31. Show how would you use a Hofmann rearrangement and an H.V.Z. 
reaction to propare proline from adipic acid. 


Solution 
1. SOCI,(1 eqv.) Br,/KOH 
HO2C(CH2),COoH Mi,  . 7 H2NCO(CH2)«CO2H (Hofmann) 
Adipic acid 
2 OH® Br© (Br 
Sy2 1. Br./PBr: 
@N~~COZ 0” BN-SCOZH <—— | \NHSSCOH| “az,0 — H2N(CH2)«COLH 
Hy Hy (H.VZ. 
reaction) 


Proline 
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32. What do you mean by transamination? Provide a mechanism for this 
process. Which amino acids cannot be formed by this process? 
Solution Transamination is a biosynthetic process involving transfer of an amino group 
from an camino acid to an a-ketoacid resulting in the formation of a new o-amino acid 
and a new a-ketoacid. This enzyme catalyzed reaction may be shown as follows: 


II Transaminase 


R-CH-CO,H + R=-C—CO,H —teamad >R C CO,H + R-CH-CO,H 
NH, O NH. 
An a-amino acid An a-ketoacid A new a-ketoacid A new a-amino- 
0 acid 
I a 
e.g., HO,CCH,CH;CHOO,H +CH;—C—CO,H Tamaminase, HO,CCH,CH,—C—CO,H 
NH, . 
L-Glutamic acid Pyruvic acid a-Ketoglutaric acid 
+ CH,CH(NH,)CO,H 
L-Alanine 


Mechanism The mechanism of transamination involves the steps (enzyme catalyzed) as 
follows: 

Step 1: The amine function of L-glutamate condenses with the a-Keto function of pyruvate 
to form an imine. 


9 Q 
O,CCH,CHy co? O,CCH,CH» CO$ 
5 . CH-NH, #0=0¢ * as, >o \CH-N=C’  +#H,0 
# CH # \ 
O.C 3 OC CH; 
L-Glutamate Pyruvate Imine 
Step 2: Proton transfer occurs to form an isomeric imine. 
(base) B:-\ H-A (acid) 
0,CCH,CH, H 6 8 CCH.CH cos 
2 2 NG A / CO; Enzyme a 2 2 “8 9 
@ WN © /o=N—CH+ BH+ A 
OC CHs OzC \CH3 


Rearranged imine Rearranged imine 


Step 3: The rearranged imine undergoes hydrolysis to form L-alanine and o-ketoglutarate. 


[S) 
6,CCH,CH, cos O,CCH,CH, cos 
SAL “ Enzyme C=O H N—CH’ 
g C=N-CH +H,O —"; e C=O + H; < 
OC \CH3 O.C CHs 


Rearranged imine a-Ketoglutarate L-Alanine 
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Since proline and hydroxyproline have secondary amine function (SNH), they cannot be 
obtained by the enzyme catalyzed transamination process (only 1° amines can be made 


this way). 
HO. 
S ~CO,H N° ~CO,H 
H H 
Proline Hydroxyproline 


33. Predict the aldehyde expected to be formed when leucine is treated with 
ninhydrin? 
Solution When an a-amino acid, RCH(HN,)CO,H, is allowed to react with ninhydrin, 
RCHO is obtained. Therefore, when leucine, Me,CHCH,CH(NH,)COJH, is treated with 
ninhydrin, Me,CHCH,CHO (3-methylbutanal) is expected to be obtained. 
34. When the methyl ester of rac-alanine is heated two diastereoisomeric 
dimethyldiketopiperazines are obtained. One of them cannot be resolved. 
Give their structures and account for their stereochemistry. 


Solution 
i i H H 
Cm, Se tC A | ,~CO—NHA\V | 
H3C~ \""C¢ + HN"/ CH: Gum? oC oe | Ce 
Me | *NH—CO* | N 
NH, - eA CH, CH; | & 
B : so 0) cis 3 = 
i) i . Bc 
5 Identical ic errs . "S 
= plane \ Mob 
3 Methyl ester of alanine = 2 
g > oO 
ca ax) 
co yea ® 
IA H,N CH; CH3| & 
HyC\, or OOM MeOr gM CHs | -CO—NH,| | 9 
[-=NH, * Is (2 MeOH) 7 \NH—CO A re) 
H ss H H J 
tL _taentica 1 cis 
Methyl ester of alanine Centre of 


symmetry (i) 
3 


H H 
| 0 a A | -coNH, | 
a iin C + HN vest yp Oey Zon C ~ Te A 
H3C7 N__ (OMe | | SNH—CO% | 
CH; ; 


: ; trans-Dimethyldiketopiperazine 
Enantiomers (a meso-compound: optically inactive) 


Methyl ester of alanine 
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35. Show how the Gabriel-malonic ester synthesis could be used to prepare: 
(a) glutamic acid (b) cysteine and cystine (c) leucine (d) proline? 
Solution 


©. 


O CH,CH,CO,Et NHs 
(a) eu CH(CO3Et)s 5G = CHO? N—C(CO,Et), 4H,» HO,CCH,CH,CHCO9 
(Michael addition) O (D, L)-Glutamic 
acid 
O CHSCH2Ph sce 
1. NaOEt 1. NaOH ® 
———  — 5S an 
(b) one CH(CO2Et)2 > o.CH,SCH,Cl re C(CO>Et)> 5 HCl > H3N—CH—CO.H 
O 3.A 
CH,SH Na/NH,(J) 
® ® O,(air) @ | ° 
H3N—CH—CH,S—SCH,—CH—NHs3 < H3;N—CH—CO,H 
CO,H CO.H (D, L)-Cystine(salt) 


Cystine 


@ 
O CH,(CHs)2 ee 
1. H,0%A 
(c) Oe cHCo-Bs Snort IL —C(CO,Et), “a > (CH,)CHCH,CHCO3 


2.0H TH, 0 
(D, L)-Leucine 


O (CH)3Br 
1. H,0% 
(4) CoN icone, 285 er Oly —C(CO,BH, EGE 
20 


O 


coe 
ee a NS ° 
a 
dy COR" 5x2 BS 
Hy, 


(D, L)-Proline 
36. Using 2,5-diketopiperazine how would you synthesize tyrosine? 


Solution Tyrosine may be synthesized by using p-hydroxybenzaldehyde and 2,5-diketopi- 
perazine as follows: 


CH,—NH . 
HO— ©>—CcHO 4 O=c” 2 “E26 Ac,0/NaOAc > HO O 


\“NH— CH,” Sa 
p-Hydroxybenzaldehyde 2,5-Diketopiperazine O= Oa >=O0 
NH [A] | some 
H,0° 
H,NCH,CO,H + HO (©) >-CH,CH—CO,H <a HO<O>-CH 


Glycine Tyrosine O=C 
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37. When (R)-MeCH(OH)CCI, is treated with alkaline NaN, followed by H,/Pd, 
(S)-alanine is obtained. Explain this observation. 
Solution In the presence of base, —OH produces —O® ion which displaces a Cl forming 
an oxirane ring. The ring is then opened by the azide ion with inversion of configuration 
(Sy2). Hydrolysis, followed by reduction of the —N; group produces (S)-alanine. 


Oe, ‘OF 
Me—C—CCl; > Me—C—CCl “> Me—0-Ccl /—5> Me-C-C-Cl 
'N 
H HCl ( Ct Ng | 
an a 
Me—C-C 0° <HeFd wy C—-COOH 
°NH3 N3 


(S)-Alanine 


Po STUDY PROBLEMS TO 


1. What is meant by an amino acid? Is anthranilic acid an amino acid in true sense of 
the definition. 

2. Classify the amino acids according to their R groups. 

3. (a) Whatis the absolute configuration (R or S) at a@carbon in each of the following 

amino acids. (i) L-serine (ii) L-methionine 

(b) Why is L-cysteine unique in having R configuration? 

4, The amino acids found in proteins are assigned to the L-family according to their 
stereochemistry at C-2. Can they all be assigned the same configuration, R or S at 
that carbon atom? 


® 
5. Explain why the pK, of the —NH, group of alanine is lower (9.7) than the pK, of 


CH,NH, (10.63). 

6. Explain why amino acids exist as salts. 

7. Amino acids exist in different charged forms depending on the pH of the aqueous 
solution in which they are dissolved. Explain this observation. 

8. Give example of two essential amino acids one of which is neutral and the other 
is basic. Which one between phenylalanine and proline must be obtained from our 
diet and why? 

9. Draw all possible stereoisomeric formulas for the amino acid threonine. 

10. Account for the fact that sulphanilic acid dissolves in alkali but not in acids. 
11. Suggest a way to separate a mixture of a monoamino monocarboxylic acids, a 
monoamino dicarboxylic acid and a diamino monocarboxylic acid. 
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12. 


13. 


14. 


15. 


16. 


17. 


18. 


[Hint: Separation may be effected by (i) using differential migration at different pH 

values (electrophoresis), (ii) using differences in solubility at different pH values 

and (iii) precipitating acidic amino acids as salts of certain bases, and basic amino 

acids as salts of certain acids.] 

There are five amino acids that can exist in more than two stereoisomeric forms. 

(a) Identify them. (b) How many isomers are possible in each case? Indicate 

enantiomers, diastereoisomers, and any meso compound. 

{[Hint: Each of Thr, Hyl, Hyp and Ile exists as two pairs of enantiomers. Cys-Cys 

exists as one meso and one pair of enantiomers.] 

Explain the following observations: 

(a) Unlike most amines and carboxylic acids, amino acids are insoluble in diethyl 
ether. 

(b) The indole nitrogen of tryptophan is more weakly basic than one of the 
imidazole nitrogen of histidine. 

(c) Although glycine is a low-molecular weight organic compound, it melts 
(decomposes) at a fairly high temperature (232°C). 

(d) The guanidino group of arginine is one of the most strongly basic of all organic 
groups. 

(e) Solid amino acids conduct electricity. 

(f) The pK, values of the carboxyl groups of alanine, serin and cysteine differ 
from each other. 

(g) The isoelectric point of an amino acid is usually the pH of minimum solubility 
in water of that acid. 

(h) Glycine itself, as a dipolar ion, reacts with HNO, to eliminate nitrogen, 
whereas the ethyl ester of glycine forms ethyl diazoethanoate. 

In alkaline solution alanine H,NCHCH,;CO%, has two basic groups. Predict 

the products expected to be obtained on addition of 1 and 2 equivalents of acid, 

respectively. 

The pl of lysine is the average of the pK, values of its two protonated amino groups. 

Explain. 

Explain why the isoelectric point of aspartic acid (2.98) is much lower than that of 

leucine (5.98). 

Draw the form in which each of the following amino acids predominantly exists at 

physiological pH (7.3): 


(a) Aspartate (b) Tyrosine (c) Alanine (d) Arginine 
Draw the predominant form for glutamate in a solution with the following pH: 
(a) 1 (b) 3 (c) 6 (d) 12 


® ® 
[Hint: (a) HO,CCH,CH,CH(NH,)CO,H (b) HO,CCH,CH,CH(NH,)CO$ 
® 
(c) °0,CCH,CH,CH(NH;)CO$ (d) °0,CCH,CH,CH(NH,)CO$ | 


20. 


21. 


22. 
23. 


24, 


25. 


26. 
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Calculate the pl of each of the following amino acids: 
(a) Iysine (b) Glutamic acid (c) Arginine (d) Serine 


ean 


— ® 
(a) pk, = 6.0 L HNX NH NH;— pk, = 9.2 


Histidine 
Draw the form in which histidine predominantly exists in a solution with the 
following pH: 
(Gi) pH=0 (ii) pH=4 (iii) pH=8 (iv) pH = 12 


HO,CH,CHCO,H — PK, = 1.9 
(b) | pK, =3.8 ~ oNH, —! pK, =9.8] 


Aspartic acid 


Draw the form in which aspartic acid (p/ = 3.0) predominantly exists in a 
solution with the following pH: 
(i) pH=0.5 (ii) pH = pl (iii) pH=7 (iv) pH=11 
Explain the following observations: 
(a) The pK, of glutamic acid side chain is greater than the pK, of aspartic acid 
side chain. 
(b) The pK, of arginine side chain is greater than the pK, of lysine side chain. 
(c) Amino acids are less acidic than most carboxylic acids and less basic than 
most amines. 
Draw the electrophoretic separation of Trp, Cys, and His at pH 6.0. 
Give the reaction of an a-amino acid (e.g., L-leucine) with ninhydrin and give the 
plausible mechanism of the reaction. [C.U. 2011, 2013] 
[Hint: See article no. 10.1.7.] 
The following isotropically labelled amino acids are required for biochemical 
research. How can these be prepared by using Ba“CO, and Na’*CN or K“CN 
as the only acceptable source of /“C and using D,O, LiAID,, or Dz as the source of 
deuterium. 
(a) (CH ;),CH—CH(NH,)*CO,H (b) CH,*CH(NH,)CO,H 
(c) H,NCD,(CH,),CH(NH,)CO,H (d) *CH,S(CH,),CH(NH,)CO,H 
(e) HO,“C CH,CH(NH,)COOH 
Show how the following amino acids might be prepared in the laboratory by 
reductive amination of the appropriate o-ketoacid: 
(a) valine (b) leucine (c) serine (d) glutamine 
Show how you would use bromination followed by amination to synthesize the 
following a-amino acids: 
(a) glutamic acid (b) valine (c) leucine (d) glycine 
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28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


Conversion of a-ketoacids into a-amino acids in cells occurs by a different 

mechanism catalyzed by enzyme. 

(a) Predict the amino acid obtained from the reductive amination of each of the 
following metabolic intermediates in a cell. (i) a-ketoglutaric acid (ii) pyruvic 
acid (iii) oxalacetic acid 

(b) What amino acids are formed from these metabolic intermediates when the 
amino acids are prepared in the laboratory? 

[Hint: (a) (i) L-Glu, (ii) L-Ala, (iii) L-Asp ; (b) (D, L)-Glu, (D, L)-Ala, and (D, L)- 

Asp. | 

Explain why excess ammonia is used when amino acids are prepared from 

a-bromocarboxylic acids by an Sy2 reaction. 

What amino acid would be formed when the aldehyde used in the Strecker synthesis 

is: 

(a) 3-methylbutanal (b) ethanal (c) 2-methylpropanal 

Predict the amino acid expected to be formed when each of the following alkyl 

halides is used in the 3rd step (an Sy2 reaction) of N-phthalimidomalonic ester 

synthesis: 

(a) CH; S CH,CH,Cl (b) (CH), CH CH, Br 

(c) PhCH,Br (d) CH,Br 

What alkyl halide is to be used in the acetamidomalonic ester synthesis to prepare 

each of the following o-amino acids? 

(a) Phenylalanine (b) Methionine (c) Lysine 

Suggest how you would separate the free L-amino acid from its acetylated D 

enantiomer. 

The enzyme pig lever esterase catalyzes the hydrolysis of esters. Esters of L-amino 

acids are hydrolyzed more rapidly than the esters of D-amino acids. How would 

this enzyme be used to separate a racemic mixture of amino acids? 

Carry out the following conversion: 

Glycine > Phenylalanine (using Erlenmeyer azalactone syntheses) 

[C.U. 2011, 2014] 

[Hint: See article no. 10.1.6] 

Using 2,5-diketopiperazine, how would you synthesize tyrosine? 


O 
CHO Ac,O CH HI 
Hint: ee + HNN —_. HN TO 
CH 
O 
OH 


HO 
p-Hydroxybenzalde- O Cr 
hyde 2,5-Diketo- 


piperazine NH, 


| 
CH,—CH—CO,H 
21k 
OH 


Tyrosine 


37. 


38. 


39. 


40. 


41. 


42. 


43. 
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Predict the product with mechanism when leucine is heated with acetic anhydride 
in the presence of pyridine. [C.U. 2012] 
[Hint: See article no. 10.1.7] 
Write down the structure of the compound produced by the reaction of one mole of 
glycine and two moles of ninhydrin. Identify the amino acid which does not give 
‘Ruhemann’s Purple’ with ninhydrin. Give justification for your answer. 

[C.U. 2015] 
[Hint: See article no. 10.1.7 (ninhydrin reaction). Proline does not give 
‘Ruhemann’s Purple’. ] 
Prepare (i) Leucine and (ii) Tyrosine using diethyl acetamidomalonate. 

[C.U. 2015] 
[Hint: See article no. 10.1.6 (acetamidomalonic ester synthesis). ] 
Isoleucine has been prepared by the following sequence of reactions. Predict the 
structure of compound A through D isolated as intermediates in this synthetic 
procedure: 


CH,CH,CHBrCH, — => A => B (C;H,,0,) —*>C (C;H,,BrO,) 
2-Bromobutane rac-Isoleucine < #3 Del 


2 


® 
Alanine has pK, values of 2.34 (—COOH group) and 9.69 (— NHzg group). At what 
pH will alanine exist in the form indicated below? 


® ® 
(a) H,NCH,CO, H, NCH,CO$ (b) H, NCH,CO$ 
(50%) (50%) (100%) 


® ® 
(c) H,NCH,CO$, H,; NCH,CO,H 


(50%) (50%) 
[Hint: (a) pH = 9.69 ; (b) pH = pl = 6.0 ; (c) pH = 2.34] 
What happens when: 


(a) Glutamic acid is heated with EtOH and excess H,SO,. 

(b) Tyrosine is treated with excess bromine-water. 

(c) Proline is allowed to react with methyl iodide. 

(d) Serine is heated with excess of acetic anhydride. 

(e) Glutamic acid is treated with HNO, (1 mole). 

(f) Asparagine is heated with aqueous solution of sodium hydroxide. 

A naturally occurring amino acid form a monoacetyl derivative with excess acetic 

anhydride, but yields no nitrogen gas when treated with nitrous acid. Suggest a 

reasonable structure for this amino acid. 

(a) All amino acids having a free amino group produces the same purple colour 
when treated with ninyhydrin—why? 
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(b) 


Use resonance forms to show delocalization of the negative charge in the 
Ruhemann’s purple anion. 


44, Show how the following amino acids may be prepared from the indicated method 
and starting materials: 


(a) 
(b) 
(c) 


45. (a) 
(b) 
(c) 


glutamic acid from 2-oxopentanedioic acid by the Strecker method 

leucine from 2-methyl-1-propanol by the phthalimidomalonic ester synthesis. 
aspartic acid from ethyl chloroethanoate by the N-formylaminomalonic ester 
synthesis. 

Draw the structure of the azlactone derived from L-phenylalanine and Ac,O. 
Which of the hydrogens in this azlactone would you expect to be more acidic? 
Explain why chiral azlactones derived from qa-amino acids such as 
L-phenylalanine racemize easily on heating in the presence of ethanoate ion. 


46. The configuration of L-alanine is related to that of D-glucosamine by the following 
sequence of reactions. Draw the Fischer projection formula for the compounds 


A—D. 
CHO CH; 
H——NH, 7 H——NHAc ; 
a 2C.H;SH/H >A (CH3CO),0 >B H,/Ni S <—_ ae, NH,OH C 
H——OH H—— OAc 
CH,OH CH,OAc 
D-Glucosamine ee Pb(OAc), 
CO.H CH; CH, 
HN-+y =H : NH, <2a2 p Beth 7 NHAc 
CH; CO,.H CHO 
L-Alanine 


47. Which two a-amino acids are the biosynthetic precursors of penicillin? 


HN S CH, 


O CO.H 


10.2 PEPTIDES 


10.2.1 Peptide Linkage 


Formation of peptide bonds is the most important reaction of amino acids. Amines and 
acids can condense, with the loss of water, to form amides. In the laboratory, an amide 
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can be prepared simply by mixing the acid and the amine, and then heating the mixture 
to eliminate water. 


| | 
on " @ 5 heat 
Rr- °Non + H,N—R’ —> Rr- Soe H3,N—R =a." R- OS NH_R’ 
A carboxylic An amine A salt An amide 
acid 


Amides are the most stable acid derivatives. Having both an amino group and a carboxyl 
group, an amino acid is very suitable to form an amide linkage. Under proper conditions, 
the amino group of one molecule condenses with carboxyl group of the other. The product 
is an amide. The amide bond or linkage between the amino acids is called a peptide bond 
or peptide linkage. 


() 
H Wes OH 


® < ’ 

RE C = C LO + HN SS G7 R2 eas ae Re C ~N Cc oN C~ R2 
| | 

HO Coy H oO Cos 


Me ) : 
~ Peptide bond 


Two amino acids or peptide linkage 


() 
HaN 


10.2.2 Classification of Peptides 


A peptide is any polymer of amino acids linked by amide bonds between the amino group 
of each amino acid and the carboxyl group of the neighbouring amino acid. Each amino 
acid unit in the peptide is called a residue. If there are two amino acid residues, the 
peptide is called a dipeptide. If there are three amino acid residues, the peptide is 
called a tripeptide. If there are four to ten amino acid residues, the peptide is called an 
oligopeptide. If there are many amino acid residues (less than about 50), the peptide 
is called a polypeptide, and if there are more amino acid residues (50 to > 1000), it is 
called a polypeptide (molecular mass ranges from about 6000 to about 40,000,000). For 
example: 


) 
I 
A dipeptide: H,NCH,C—NHCH,Co® 
Glycylglycine 


(Gly-Gly) 
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O 
i | 
A tripeptide: HpNCH,C—NHCHC—NHCHCO} 
CH; CH,Ph 


Glycylalanylphenylalanine 
oe 


A polypeptide: wen 


The end of the peptide with the free amino group (— NH,) is called the N-terminal end or 
N-terminus, and the end with the free carboxyl group (—CO$) is called the C-terminal 
end or the C-terminus. The two terminal amino acids are called the N-terminal residue 
and the C-terminal residue, respectively. 


The N-terminal | ' i. The C-terminal 
GIMINOACIC-OF Wl ie Me ete ie ee ee amino acid or 
N-terminal H.ACHC_NHCHC. NHCHCO?: C-terminal 
residue R! oe R° residue 

A tripeptide 


10.2.3 Peptide Nomenclature 


By convention, the amino acid residue with the free amino group (the N-terminal residue) 
is written at the left end and the one with the free carboxyl group (the C-terminal residue) 
is written at the right end. The suffix —ine is replaced by —yl for each amino acid in the 
chain reading from left to right, followed by the full name of the C-terminal residue. The 
following tripeptide, for example, is named alanylglycylserine. The alanine and the glycine 
residues have the —y/ suffix because they have acylated the nitrogen of glycine and serine, 
respectively. 


Glycine 
O O|—_ residue 
Alanine Le! ® | | 4a 
residue HAN Peewee pees = a os 
CH, CH,OH residue 


Alanylglycylserine 
(Ala-Gly-Ser) 
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A shorthand system is more convenient, representing each amino acid by its three-letter 
abbreviation. Once again, the amino acids are arranged from the N terminus at the left to 
the C terminus at the right. The above tripeptide has the abbreviated name: Aly-Gly-Ser. 
Single-letter symbols are becoming widely used as well. Thus, the above tripeptide can 
also be symbolized by AGS. 


10.2.4 Geometry of the Peptide Linkage 


Because of effective resonance interaction between the nonbonding electrons on nitrogen 
and the carbonyl group, the carbon-nitrogen bond possesses some double-bond character. 


gee Ho 5. Double-bond 
or me P ZL! character 
e 


oN <> ASN = “ESN 
H H H 
Resonance in peptide linkage Resonance hybrid 


In a peptide, this partial double bond character results in six atoms being held rather 
rigidly in a plane. 


‘ 6 H 
H oak 132A 2 R 
| I | 123 6m 
Noe re ig 
s 115° 
R° 
u H 


= © 
a S Amide plane 


Geometry of the peptide linkage 


X-ray studies on a number of crystalline peptides indicate that the entire amide group 
is flat, i.e., the carbonyl carbon, nitrogen, and the atoms attached to them lie in a plane 
and O and H atoms, are trans to each other. Again, the peptide C—N bond (1.32 A) is 
shorter in length and stronger than the usual C—N bond (1.47 A). This indicates that the 
carbon—nitrogen bond has considerable double-bond character (about 50%). Because of 
this, the C—N bond has restricted rotation which permits the possibility of geometrical 
isomerism, the trans-isomer being the more likely due to much larger steric interaction 
operating in the cis-isomer. 


10.2.5 Disulphide Linkages 


Amide linkages (peptide linkages) from backbone of the amino acid chain present in 
peptides and proteins. A second type of covalent bond is possible between any cysteine 


Pe iL al SD a Aa sk UCAS rr er re coe eee me eee erte eee ee ene sen ER puede 
residue present. Cysteine residues can form disulphide bridges or disulphide linkages 
which can join two chains or link a single chain into a ring. Two molecules of a thiol form 
a disulphide linkage by mild oxidation. The reaction is reversible, and a mild reduction 
breaks the disulphide linkage. 


[Oxidation] 
R—SH + HS—R “Traduction| R—S—S—R + H,O 
Two thiol molecules A disulphide 


Two cysteine sulfhydryl (—SH) groups are oxidized in a similar way to give a disulphide- 
linked pair of amino acids. This disulphide-linked dimer of cysteine is called cystine. The 
formation of a cystine disulphide bridge linking two peptide chains may be shown as 
follows: 


1 1 
| CH, CH, 
Peptide | 8H | 10 2 0 +H90 
chains SH (H] Ss See 
| inkage 
CH, CH, 
h i 
Two cysteine residues Cystine disulphide bridge 


The two cysteine residues may form a disulphide bridge within a single peptide chain, 
making a ring. 


10.2.6 Determination of Structure of Peptides 


To determine the structure of a particular peptide, one must know (i) what amino acid 
residues make up the molecule and how many of each there are, and (ii) the sequence in 
which they follow one another along the peptide chain. 


The primary structure (the covalently bonded structure) determination of a peptide 
involves the steps as follows: 


(a) Cleavage of disulphide linkages The first step in determining the primary structure ofa 
peptide is to cleave all the disulphide bonds, separating the individual chains and opening 
any disulphide-linked rings. A permanent cleavage of such a bond may be carried out with 
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peroxyformic acid because this oxidation converts the disulphide bridges to sulphonic acid 
(—SO3H) groups. 


1 | 
ws NH—CH—C a a 
‘ie i ite 
C. 
Disulphide ‘ H~ _\O—OH ae 
fukass rs [0] Cysteic acid residue 
bu 50 
ws NH—CH—C~ (He 
| ~~~ NH—CH—C~———~» 
O | 
O 


Cysteic acid residue 


(b) Determination of the amino acid composition To analyze the amino acid composition, 
the peptide chain is completely hydrolyzed by boiling it for 24 hours in 6M HCl (alkali 
is not used since it causes racemization). The hydrolysate, i.e., the resulting mixture of 
amino acids is placed on the column of an amino acid analyzer in which the components 
of the hydrolysate are dissolved in an aqueous buffer solution and separated by passing 
them down an ion-exchange column. Ninhydrin is mixed with the solution emerging from 
the column and the amino acids react with ninhydrin to give purple colour. The absorption 
of light is recorded on a strip chart as a function of time. The time required for each 
amino acid to pass through the resin, i.e., its retention time depends on how strongly 
the amino acid interacts with the ion-exchange resin. The amino acids present in the 
hydrolysate are identified by comparing their retention times with that of the pure amino 
acids. The relative amounts of amino acids present are determined from the area under 
each peak which, in fact, proportional to the amount of amino acid producing that peak. 
From the weight of each amino acid obtained, the number of moles of each amino acid 
can be calculated and in this way the relative numbers of the various amino acid residues 
in the peptide can be calculated. At this stage one knows the ‘empirical formula’ of the 
peptide. The molecular mass of the peptide is determined by chemical methods and by 
various physical methods. Then, from the ‘empirical formula’ and the molecular mass, 
the ‘molecular formula’ of the peptide, i.e., the actual number of each kind of amino acid 
residue present in the peptide molecule is determined. 
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Example The hydrolysate of the polypeptide salmine gives the following results: 


Amino acid Weight (g/100 g of salmine) 
1. Isolucine [CH3;CH,CH(CH3)CH(NH,)CO,HI 1.28 
2. Arginine [HN ==C(NH,)—NH (CH ,)3CH(NH,)CO.HI] 86.40 
3. Glycine (H,.NCH,CO.H) 3.01 
4. Alanine [CH,;,CH(NH,)CO,H] 0.89 
5. Proline “cox 6.90 
6. Serine [HOCH,CH(NH,)CO,HI 7.27 
7. Valine [(CH3),CHCH(NH,)CO,HI] 3.68 


Therefore, the number of moles of each amino acid in 100 g salmine is as follows: 


1.28 g 6.90 g 


Isoleucine = ———>— = 0.01 mole Proline = ————_>— = 0.06 mole 
131 g/mole 131 g/mole 
Arginine = See = 0.50 mole Serine = eB = 0.07 mole 

174 g/mole 105 g/mole 

Glycine = ere. = 0.04 mole Valine = _ S00 e_. = 0.03 mole 
75 g/mole 117 g/mole 

Megives Q0iaadles 
89 g/mole 


Hence, the empirical formula of the polypeptide salmine is: 
Ala Args, Gly, Ile Prog Ser, Vals 


The molecular mass of salmine is about 10,000. Since there is 0.01 mole He in 100 g of 
salmine, there must be 1 mole Ile in 10,000 g of salmine. This means that there is only one 
Tle per molecule, and the molecular formula is the same as the empirical formula. 


(c) Determination of the sequence of aminoacids This is accomplished by using the technique 
of terminal residue analysis or end group analysis coupled with partial hydrolysis. 


Terminal residue analysis The amino acid analyzer determines the amino acids present in 
a peptide molecule, but it is unable to indicate their sequence, i.e., the order in which they 
are linked together. The N-terminal residue (which contains a free alpha-amino group) and 
the C-terminal residue (which contains a free carboxyl group alpha to a peptide linkage) 
in a peptide chain are identified by using some specific reagents. The peptide is treated 
with a reagent which reacts with a particular terminus to form a tagged peptide. This is 
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subject to partial hydrolysis that releases the tagged amino acid which is identified. The 
process is repeated on the rest of the chain and the result gives an idea of the amino acid 
sequence. This general method of peptide sequencing is called terminal residue analysis. 


N-Terminal residue analysis The methods generally used for sequencing peptides from the 
N terminus are as follows: 


(a) The Edman degradation This is the most effective and frequently used method for 
determining the N-terminal amino acid residue. In this method, the peptide is allowed 
to react with phenylisothiocyanate. Nucleophilic addition by the N-terminal amino group 
to the reagent produces a phenylthiourea derivative of the peptide. Mild hydrolysis with 
hydrochloric acid selectively removes the N-terminal residue as a thiozolinone derivative 
from the remainder of the peptide. This derivative (unstable under the conditions of the 
reaction) rearranges to a phenylthiohydantoin (PTH), which is isolated and identified by 
comparing it with standard samples of PTH derivatives of known amino acids. This gives 
the identity of the original N-terminal amino acid. The beauty of the Edman degradation 
is that it allows identification of the N-terminal residue while leaving the remaining part 
of the peptide intact. Further Edman degradations are used to identify additional amino 
acids in the chain. The process is well suited to automation and several types of automated 
amino-acid sequencers have been developed for this procedure. 


O O 
| | ; | | 
Ph—N=C=S + HNCHC—NHCHC—NH ww Alling, PhNH—(—NHCHC—NHCHC—NH ae 
: a (pH 9) 
Phenylisothio R R’ P S R R’ 
cyanate . 
Peptide A phenylthiourea 
(labelled peptied) 
i 6 HCl H,0 
S. N O PhNH Ss O 
Nae bog Rearrangement ad ‘ow ee 
A . 
HN—CH N—CH ‘ 
Degraded peptide 
A phenylthiohydantoin A thiazolinone with one less amino 
(unstable intermediate) acid residue 


Mechanism The mechanisms for the steps involved in the Edman degradation may be 
outlined as follows: 


Step 1 Phenyliosothiocyanate undergoes nucleophilic attack by the peptide to yield a 
phenylthiourea. 
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0 0 F 
il | ee 
Ph—N> C8 + HNoHC—NHgHE—NH— — PaN—CC | I 
Phenylisothio- ‘ NHCHC—NHCHC—NH~~ 
en H is \a | | , 
Peptide R B 
+H 
an ee 
Be rie mee reer Ses ~ 
R 
A phenylthiourea 


Step 2. The thiourea is cleaved in aqueous acid without breaking the other amide bonds 
in the peptide. Sulphur is an excellent neighbouring group, and the introduction of the 
thiourea places a sulphur atom in just the right position to aid in cleavage of the N-terminal 
residue from the rest of the peptide. The process involves initial protonation of the amino 
terminus carbonyl group. The neighbouring sulphur then adds to the carbonyl carbon, 
triggering the cleavage reaction to yield a molecule of thiazolinone. 


a @ 
= O _NHCHR ‘auae | 7 HRS, _NHCHR NH 
en errs ONS an 
PhNH~ ~N-~ SR PhNH~ “SN SR in OH, 
H H 
Vv 
O7H Q OH 
fe. | ae fa 
$—C NH CHC_NE— <tH_ $—¢_NHCHC—NE~ 
phno WOR PhNH~ w “eR 
_H® H,0: 7H 
O 
ZA 
H NCH NH ame 
| Ay CHR 
R’ PhNH N 
(Remainder of the peptide A thiozolinone 


with one less amino acid residue) 


Step 3 The less stable thiazolinone intermediate isomerizes to a more stable 
phenylthiohydantoin derivative under the reaction conditions. 
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FT oi seeshisssateds bea tpria ene leo thd ERR dencanaciniaeeenmese Oe, 

Ph } 

PhNH. Ss, fo os PhNH. - OO, _ SA SNH\ I 

Cl: ——> fp Cl ( yp Cl 
(Seu NH—— CHR NH—— CHR 
@ 
H-PH2 Ph ey 
| 8 
a. JG? <S 5 R260 
eG —CI C NSS 
\ 7 ool 
HN—CHR NH—CHR 
A phenylthiohydantoin 


Example The result of a series of Edman degradation on an N-terminal Gly-Tyr-His-Ala- 
peptide may be outlined as follows: 


[ N-terminus Gly) Tyr (His) (Ala)~—~ rest of the peptide chain 
1. PhN=C=S 
2. HCl, H,O 


S 
\—NH 
\ + (Typ—His)—Ala)—~~~ 


CH, 
PO 
1. PhN=C=S 
es O 2. HCl, H,O 
\ NH 
+ Gis—Ala)—~ 
N__CH—CH,—<C))—OH 
1. PhN=C=S 
| 2. HCl, H,O 
5 Vv 
\ 
ove HN 
= + we 
ae CH CH< 
O Rains 
g 2. HCl, HO 
\y 
C—NH . ; 
fo ON + Residual peptide 
or ig SHO 
| 
O 


(b) Sanger method Frederick Sanger introduced this procedure in 1945. In this method, 
peptide is treated with the Sanger reagent, 2,4-dinitrofluorobenzene (DNFB) in mildly 
basic solution. Due to presence of strong electron-attracting nitro groups at the appropriate 


a ei ee ike 
positions, the reagent undergoes a facile nucleophilic aromatic substitution reaction 
(SyAr) involving the free amino group of the N-terminal residue to give a peptide in which 
the N-terminus is labelled with a 2,4-dinitrophenyl group. The labelled peptide is then 
hydrolyzed with aqueous HCl to the component amino acid residues, and the N-terminal 
residue, labelled by the 2,4-dinitrophenyl group, is separated. The labelled amino acid is 
then identified by comparing its chromatographic behaviour with that of standard samples 
of 2,4-dinitrophenyl-labelled amino acids. 


| 
oN-<O)-F + HaN—CHC—NHCHC—NH—~ va 
NO, R cig 
2,4-Dinitrofluoro- Peptide t I 
benzene © 
(Sanger reagent) ON ee eee eat 
NO, R Rv 
DNP-labelled peptide 
heat 60 HCl 


0,N—{O)—-NHCHCO,H + HjNCHCO2H, ete. 


NO, R R’ 
DNP-labelled N-terminal Mixture of unlabelled 
residue amino acids 
(DNP—AA) 


Due to presence of an electron-attracting 2,4-dinitrophenyl group, the labelled amino 
acid is relatively nonbasic and is, therefore, insoluble in dilute aqueous acid. The other 
amino acids (not labelled) dissolve in dilute aqueous acid. Thus the electron-withdrawing 
property of the 2,4-DNP group makes separation of the labelled amino acid very easy. 

One drawback of this method is that the hydrolytic cleavage leads to complete breakdown 


of the peptide to the component amino acids and therefore, the sequence of amino acids 
cannot be easily determined. 


® 
Mechanism The base abstracts a proton from the terminal —NHg group to give a free 
amino function. The nucleophilic —NH, group then displaces fluoride from DNFB and 
yields a peptide in which the N-terminal amino acid is labelled with 2,4-dinitrophenyl 
(DNP) group. The mechanism of the reaction may be outlined as follows: 
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2) UF O R NH, 
Ce FL te, Sts oo 
O2N 7 SN R 
DNFB R O bh 
Peptide | 
NO2 — O R NO2z O PR 
NHI ar - NHo2 bbe 
ne oO PT Na | 
DNP derivative 29: 


(c) The method involving dansylation In this method, the peptide is allowed to react with 
5-(dimethylamino)naphthalene-1-sulfinyl chloride (dansyl chloride). The reagent labels 
the N-terminal amino acid as a sulfonamide derivative (the process is called dansylation). 
The labelled peptide is then hydrolyzed in aqueous acid to yield its constituent amino 
acids along with the densyl derivative of the N-terminal amino acid, which is isolated 
and identified (sulfonamides are not hydrolyzed by aqueous acid) spectroscopically in 
microgram amounts. 


SO,Cl 0 
| | —HCl 
CL +N CHO —NHCHO—NE— 
NMe, R R’ 7 if 
Dansy]l chloride Peptide jc Maan a, Ga — 
NMe, 
Dansyl-labelled peptide 
aq. HCl, heat 
SO.—NHCHCO2H f 
| ic) 
Con é HjNCHCOOH, ete 
NMe, R’ 


Dansyl-labelled amino acid Mixture of unlabelled amino acids 
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In this case also, the hydrolytic cleavage brings about the complete breakdown of the 
peptide to the component amino acids and, therefore, the amino acid sequence cannot be 
easily determined. 


C-Terminal residue analysis: 


(a) Enzymatic method One successful method of determining the C-terminal residue has 
been enzymatic rather than chemical. The enzyme carboxypeptidase A (obtained from 
the pancreas) catalyzes only the hydrolysis of the C-terminal peptide bond. When the 
peptide is incubated with carboxy-peptidase A, the first amino acid to appear in solution is 
the one that occupies the C-terminal position. Once the C-terminal amino acid has been 
cleaved, this enzyme catalyzes the hydrolysis of the peptide bond to the new C-terminal 
amino acid. Eventually, the entire peptide is hydrolyzed to the constituent amino acids. 
The concentration of free amino acid is monitored as a function of time. The order of their 
decreasing concentration indicates the position of each amino acid residue with respect to 
the C-terminus of the original peptide. 


| Carboxypeptidase | 


~~NHCHC—NHCHCO2H 0 > ~~NHCHCOH + H,.NCHCO.H 
R’ - (enzymatic hydrolysis) ” if 
Peptide C-terminal amino 


(Further cleavage) ae 
(b) Chemical methods (i) Treatment of the peptide with lithium borohydride 
followed by acidic hydrolysis and analyses: LiBH, reduces the terminal —CO,H 
group to a —CH,OH group. The resulting compound upon hydrolysis by aqueous acid 
yields a mixture of an amino alcohol and other amino acid residues. The amino alcohol is 
identified and in this way the C-terminal residue is identified. 


II | H.02 
~~-NHCHC-NHCH-CO,H a ~~NHCHC-NHCH-CH,0H byarol] 
R’ R R’ R 
Peptide re s 
BENG HCOsE, etc. + nNCHCHOn <— 
R’ R 
Mixture of An amino alcohol 
amino acids (salt) 


(from C-terminal residue) 


(ii) Treatment of the peptide with hydrazine followed by analysis of the products (Akabori 
method) Hydrazine (NH,NH,) is a good nucleophile. When it is treated with peptide, 
it cleaves the amide linkage to yield acyl hydrazides. The C-terminal residue remains 
unaffected. It is isolated and then identified. 
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O 
! NHNH, ® és | 
—NHOHC Ne COs ——> HyNCHED? + HNC —NHNH,, etc. 
R’ R R R’ 
Peptide An amino acid Acyl hydrazides 
(C-terminal residue) 
Mechanism: 
0 ‘ 
~~NHCH—C—NHCHCOH — ~~NHCH—C—NHCHCOH _ 
r Oo ok kr | ok | 
A o ® = 
NH,—NH, ena aNene 
i er 
® 
H,NCHRCO,.H ~~NHCH—C—NHNH ~~NHCH—C--NH,CHCO,H 
2 a i Bt | Ge | 2 
t R’ R’ R 
® : ® 
H,NCHRC 0° Acyl hydrazide NHNH, 


Partial hydrolysis (breaking the peptide into shorter chains) Sequential analysis involving 
the Edman degradation or the enzyme carboxypeptidase becomes impractical with peptides 
of appreciable size. In that case, the peptide is cleaved into smaller chains by partial 
hydrolysis, and the shortened chains formed—dipeptide, tripeptide, and so on — are then 
sequenced, with the aid of terminal residue analysis. The sequence of the original peptide 
is then determined by fitting the short chains, looking for points of overlap. 


Partial hydrolysis can be accomplished either by using dilute acid with a short reaction 
time or by using enzymes such as trypsin and chymotrypsin. The acid-catalyzed cleavage 
is not much selective because it leads to a mixture of short fragments resulting from 
cleavage at various positions. Enzymes, on the other hand, are more selective, giving 
cleavage at predictable points in the chain. Trypsin cleaves the chain at the carboxyl 
groups of the basic amino acids lysine and arginine, whereas chymotrypsin cleaves the 
chain at the carboxyl groups of the aromatic amino acids phenylalanine, tyrosine and 
tryptophan. 

Let’s consider a pentapeptide as an example to illustrate the use of partial hydrolysis. The 
pentapeptide is known to contain aspartic acid, glutamic acid, histidine, phenylalanine, 
and valine. With this information, the ‘molecular formula’ of the pentapeptide can be 
written as follows (commas indicate unknown sequence): 


Asp, Glu, His, Phe, Val 
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Let us assume that using Sanger reagent and carboxypeptidase, phenylalanine and 
histidine are found to be N-terminal and C-terminal residues respectively. So far we know 
the following: 

Phe (Asp, Glu, Val) His 
Acid-catalyzed partial hydrolysis of this pentapeptide gives a mixture of four dipeptides 
(along with individual amino acids and larger pieces). These are as follows: 

Phe — Val + Val — Asp + Asp — Glu + Glu — His 
The points of overlap of the dipeptides (i.e., Val, Asp, and Glu) tell us that the complete 
structure of the pentapeptide is as follows: 

Phe — Val — Asp — Glu — His 
[The complete sequence can also be determined by matching the overlapping regions as 
follows: 


Phe — Val 
Val — Asp 
Asp — Glu 
Glu — His 
Phe — Val — Asp — Glu — His ] 


Use of cyanogen bromide (BrCN) in selective cleavage of a peptide When a peptide is treated 
with cyanogen bromide (Br—C=N) in aqueous HCl, a peptide bond is cleaved specifically 
at the carboxyl end of each methionine. The cleavage of the peptide that proceeds through 
the steps as follows: 


Step 1 The sulphur atom (a good nucleophile) in the methionine side chain displaces 
bromide from cyanogen bromide to yield a sulphonium ion. 


Methionine Br C= CHx @ Hs Br° 
residue NN Hg © Cc 7 S Nig 
ait “SCH; 0 CHpe = 
~~NHCHC—NHCHC —NHCHC~~ —> ~~NHCHC—NHCHC—NHCHC~~ 
RO O&O k 6 0 
A peptide A sulphonium ion 


Step 2 The sulphonium ion, with its electron-attracting —-CN group, is an excellent 
leaving group. Because of this, it is displaced readily (S,y2) by the carbonyl oxygen of the 
neighbouring amide bond to form a five-membered ring. 
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C 
CH,KSC * B® 
rai C=N 
O CH, |O 
|... rae Sy2 
a NHCH—C a 
R RO | 
CH, 
/ BS B io} 
Tt ls 
® 
~~NHCHC—NHCH— C=NHCHC~~ + CH,SC=N 
ut Methy]1 thiocyanate 


Step 3 The resulting salt undergoes acid-catalyzed hydrolysis to form a lactone. Cleavage 
of the peptide bond actually takes place in this step. 


CH, CH, 


ia 7°. 
Oo CH, O , in 0 © 66¢H, O 0 
[ce Ie eee i i 


ll CoN ee A > le a —NHCH— o~ hee ata 


R R’ R ‘OH, R’ 
lea 
CH, CH, 
\ i 
Teo tT 3 TD l 
—_ ® 
~~NHCHC—NHCH—C. + HaNCHC~~ ~~ NHGHC NHCH—cC-NH,—CHC™~ 
O 
R R’ R O aN R’ 
[orm H,0: 
fe) 
(e) ® | 
BrHNCHC —~ 
R’ 


10.2.7 Peptide Synthesis 


Total synthesis of peptides is rarely found to be an economically viable method for their 
commercial production. Important peptides are usually derived from biological sources. 
Recombinant DNA techniques are improving the quality and availability of pharmaceutical 
peptides. Laboratory synthesis of peptides is still an important area of drug development. 
One of the most prominent peptide drug is insulin. The insulin required for the treatment 
of diabetes used to be obtained by extraction from the pancreas glands of cows and pigs. 
Since the early 1980s, this natural insulin has been replaced by the insulin prepared by 
the recombinant DNA technology. This insulin is not only identical to human insulin, 


Me Sa iA LLL ee eee eee ee oe ere eee eee nee Tee pone? 
it is both safer and less expensive than insulin obtained from animals. Other than the 
biological methods typified by the synthesis of insulin, there are two major approaches to 
peptide synthesis: (i) solution-phase method and (11) solid-phase method. Although the two 
procedures differ in respect to the phase in which the synthesis is carried out, the overall 
strategy is the same in both. 


10.2.7.1 Solution-phase Peptide Synthesis 
Peptide synthesis requires the formation of amide linkage between the proper amino acids 
in the proper sequence. With simple acids and amines, we would make an amide linkage 


simply by converting the acid to an activated derivative like acyl halide or anhydride 
followed by allowing it to react with an amine. For example: 


tl tl 
i C + H,N—C,H; —> C HCl 
Y gag Se Cay 
r Y tl 
i Ge. 8 + H,N—-C,H; > __C CH,CO,H 
we ene S67 sca, a ae 


Amide formation, however, becomes very complicated when both the carboxyl group and 
the amino group are present in the same molecule, as they are in an amino acid and 
especially, when we are going to synthesize a peptide where the sequence of different 
amino acid residues is all-important. For example, let us consider the synthesis of the 
simple dipeptide Phe-Gly. The carboxyl group of phenylalanine is first activated by 
converting it to an acid chloride or anhydride, and then it is allowed to react with glycine. 
Unfortunately, however, phenylalanyl chloride cannot be prevented from reacting with 
itself. So, the reaction would yield not only Phe—Gly but also Phe—Phe. It could also lead 
to Phe—~Phe—Phe and Phe—Phe-Gly, and so on. The yield of the desired product would be 
low, and it would be very difficult to separate the dipeptide, the tripeptide, and so on. This 
is the basic problem of peptide synthesis. 


CH,Ph 
® ® ll ® lI 
H,NCHCO$ 2°" H,NCHC—NHCH,CO$ + H;NCHC—NHCHCOS 
Phe 2. H;NCH,CO? | | l 
Gly CH,Ph CH,Ph CH,Ph 
Phe—Gly Phe—Phe 


® II lI ® II ll 
HyNCHC— NHCHC— NHCHCO# # HyNCHC— NHCHC— NHCH,CO§ 
CH,Ph CH ,Ph  CH,Ph CH,Ph CH,Ph 


Phe—Phe—Phe Phe—Phe-—Gly 


The problem can be solved by protecting the amino group of the first amino acid before 
activating it and then allowing it to react with the second. By protecting the amino group 
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it means that the reactivity of the amino group is to be suppressed by converting it to some 
other group of low nucleophilicity—one that will not react with a reactive acyl derivative. 
There are many such protecting groups. However, the group that can be removed later 
(after synthesizing the amide linkage) without breaking any of the peptide bonds in the 
product must be chosen. 


Solution phase peptide synthesis begins at the N-terminus and ends at the C-terminus, 
or left to right as we draw the peptide. The steps involved in the synthesis of a dipeptide 


® 
(H, NCHRCONHCHR’CO$) are as follows: 


(i) Protection of the amino group: The amino group of the N-terminal amino acid 
is to be blocked first in order to make it unreactive (very weak as a nucleophile): 


@ 
ANCA -00; —> ee 
R R 


Gi) Activation of the carboxyl group: The carboxyl group of the N-protected amino 
acid is to be activated in order to make it more reactive than the carboxyl group of 
the C-terminal amino acid residue. 


2—NHCHCO,H —% 2—NHCHCOX 


R R 
(ii) Formation of the peptide linkage: The N-terminal amino acid with the protected 
amino group and activated carboxyl group is to be treated with the C-terminal 
amino acid in a basic medium. 


Peptide linkage 
T Pa 
® 
oe + HpN—CHOO; — > eer 
R R’ R R’ 


(iv) Removal of the protecting group: The protected amino group of the N-terminal 
residue is to be deprotected under mild condition in which the peptide linkage 
remains intact. 


O 
lI ® || 
Z—NHCHC— NHCHCO,H — HjNCHC— NHCHCO; 
R’ R R’ 
A dipeptide 


Protection and deprotection of the amino group The amino group is most often protected 
by acylation. The amino-protecting groups, the corresponding reagents, and their removal 
procedures are discussed below with the mechanisms of the reactions involved: 
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(i) The benzyloxycarbonyl group (PhCH,O—C—) or simply the Z group (abbreviated 
form) is one of the frequently used amino-protecting groups. It is attached by 
acylation of an amino acid with benzyloxycarbony] chloride or benzyl chloroformate. 
For example, the amino group of alanine can be protected as follows: 


Benzyloxycarbonyl 
O group or Z group 
© 1.aq. NaOH l| 


II 
C + NCHM CO; . = C 
PhCH,O~ ~ SC : errs Ger PhCH,0~ © }NHCH,CO,H 
Benzyloxycarbonyl I 
chloride H,NCHMeCO,H N-Benzyloxycarbonylalanine 
eee (a carbonate ester) 
or Benzyl chlorofomate 
Mechanism: 
Pie 
. PhCH,0~ — ~Cl 
H,NCHMeCo? 22X24, 1H NCHMeCOS ; 
Alanine | 5 
:0: 
a 


acto _ Cl 


ae SHCHMeCOR 
HO i :OH® |—cl® 
PhCH,O— = NHCHMeCO,H<—2— PhCH,O— Ge —NHCHMeCO$ 

Z—Phe 


* Removal of the Z group The benzyloxycarbonyl group or Z group can be removed by 
catalytic hydrogenation or by treating the compound with cold HBr in acetic acid. 


O Me 
_HD/Pd . PhCH, + HO—G—NHGHCO,H —>CO,1+ H,NCHMeCO,H 
A carbamic acid Ala 
7 (unstable) 
PhCH,O—C — 
HO,CMeCHNH . ii 
Z-Ala onnaa? PACH2Br + |HO-C—NHCHCO,H| —> CO,H H,NCHMeCO,H 


[The benzyloxycarbonyl group is also called the carbobenzoxy group (abbreviated Cbz).] 
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Mechanism: 


CG C 
PhCH,O~ ~NHCHMeCO,H “> pacgy,-“0~~ ~NHCHMeCO,H 


mae ii 


y 
O7H 
COs + H,NCHMeCO,H <— O=—C~* 


\NHCHMeco,H * PRCH2Br 
Ala e Meee 


(i) A similar N-terminal-protecting group is tert-butoxycarbonyl group Qte,cou—0) 
or simply the Boc group (abbreviated Boc). It is attached by acylation of an amino 
acid with di-tert-butyl carbonate or di-tert-butyl dicarbonate or tert-butoxycarbonyl 
azide. For example, the amino group of alanine can be protected as follows: 

O 
(a) Me,C_—O—C—O—CMe, 
Di-tert-butyl carbonate 


or 
"tt 
@® 
(b) MesC—O—C—O—C—O—CMe; + HsNCHMeC03 = ae 
° 3 
Di-tert-butyl dicarbonate Alanine 
0 ° 
it es - Me,C-—O—C—NHCHMeCO,H 


® 

Cc —()—_C ,—_ N=—_ N= . 
ch Me, — 0-0 N=N—N N-tert-Butoxycarbonyl- 
tert-Butoxycarbony] azide alanine or Boc-Ala 


(a carbamate ester) 


Mechanism: 
iP 
® << ~. MesCO7 4 SOCMe 
(a) HsNCHMeCo? *4*#, Hy NCHMeCco® — : 
Alanine | 


:0° 


O ry 
I /\Me,CO—C-“OCMe; 
T°  Me.co~ © SNHCH,CO8 + Me,C0® <2 al 
= eae HNH—CH,CO3 


T 
Me,CO~° “NHCH,CO$ + Me,;COH 
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O% O 
Ro 
® ~_ MesCOT* ~O™ ~ ~OCM 
(b) HsNCHMeco? 22-2" 5 4,.NCHMeCo’ ——= = 
Alanine | 
Os KOn9Z9 
Me,0—C—NHCHMeCO$ + CO, +Me;COH <——22 Me3CO™ ai 
Y €3 
°“O.CMeCH~ HHO 
P 
@ <<  MesCOT/ Ng 
(c) HsNCHMeCos 22-2" H,.NCHMeCo’ ——= 
Alanine | 


a 


© BA Me3CO—C-—_Ng3 

: > OHS | U 
MesCO—C—NHCHMeCO3 + Ng <— Ny Su crrnreco® 
Cee 


* Removal of Boc group The fert-butoxycarbonyl group or Boc group can be removed 
through treatment with anhydrous acid, such as trifluoroacetic acid (CF;CO.H) or 


hydrogen chloride in acetic acid. 


O 
CF,;COOH 
Mez;CO—C—NHCHMeCOH of iajacon” HeNCHMeCO2H + (CH3)2C—= CH + COz 
Boc-Ala Ala 
Mechanism: 
20: ?OH 
| H® ae 
Me,;CO—C—NHCHMeCO,H GR,cO,Hor> Me3;C-—-O—-C—NHCHMeCO,H 
Boc-Ala HCV/AcOH | 3 
CF,COO” 7 
OTH @ 
CO, + H,.NCHMeCO,H + Me,.C=CHy <— |O=C cae + Me,C — CH, 
(CNHCHMeCO,H 
O 
Gii) The phthaloyl group OM can be used to protect the amino group. The 


O 
protection may be carried out by heating an amino acid with phthalic anhydride. 
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For example: 
O 


_heat 
Ore + H,NCH,CO8 = ho? on CH,CO,H 
O Glycine 
Phthalic anhydride a imide 
Mechanism: 
0 °0Q. ,NH,CH,CO,H 
= gv TlevU2 © 
0 +N ‘ NH,CH,CO,H 
O + H»,NCH,CO.H —> O 
») C=O 
O :0 
) - :0° 
io) 
H3NCH,CO$ |x 
Glycine 
O O O 
+H® @ 
NHCH,CO.H <2 NHCH,CO,H < oe 
H£0° (OH a5 SoH $ 
—H,0| 
O 
OL NucH.co.n 
O 


* Removal of the phthaloyl group The phthaloyl group can be removed by treating the 
imide with hydrazine. 


O O 
io) 
OlKe- CH,CO,H NENG ON + H3;NCH,CO$ 
O bj N Glycine 
Mechanism: 
XC) @ O 
Oo & (Os NH,.NH» ® 
NCH,CO,H NE@NH, NCH,CO,H ——> Weenie 
2's 22 EN-CH,CO.H 
O So CP 
io 
O 
oe 
H,NCH,CO2H + <2H® st 
ae one oh, OC a 
Glycine es C 
OSNHCH,CO,H SO 


Phthalazine 
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(iv) The tosyl group (—OTs) can be used as an amino-protecting group. Protection 
by this group may be carried out by allowing the amino acid with tosyl chloride 
(p-toluenesulphony] chloride). For example: 


0 O 
I. NaOH lI 

H,c<O>-8— Cl + HNCHCO3 aoe > HC <O>-$-NHCHCOH 

0 CH(CH,), O —- CH(CH,). 
Tosyl chloride Valine A sulphonamide 
Mechanism: 
? 
H0<D> S561 

i) Ou, S O > i) 

HNCHOO$ 25 HyNCHCO§ — H3C<O>-$ NHCHCOS 
CH(CHs)2 CH(CHs)» O  -CH(CHs), 


) | : 
I H;0 
HyC—< © >-$-NHCHCO.H 


O -CH(CHS), 


* Removal of the tosyl group The tosyl group can be removed by reducing with metallic 
sodium in liquid ammonia. 


HC O>-$-NHCHCO,H Tan? Hsc<O> + 80, + HNCHCO3NHY 
O  -CHICH), Toluene CH(CHg), 


Valine 
(v) The triphenylmethyl group or trityl group (Ph,C—) can be used as an amino 
protecting group and this can be introduced by allowing the amino acid to react 
with triphenylmethyl chloride or trityl chloride in the presence of a base. For 


example: 
® 6 EtsN 
Ph3CCl + H3;NCH,CO; ———> Ph;CNHCH,CO,H 
Triplenylmethyl1 chloride Glycine 
or 
Trityl chloride 
Mechanism: 


® H,NCH,CO$ ® 
Ph,c-SCl —> Cl® + Phe ENCHOOR, Ph,CNH, CH,CO 


y 


Ph;CNHCH,COOH 
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* Removal of the trityl group The trityl group can be removed under very mild conditions, 
either by catalytic hydrogenation or by hydrolysis in the presence of a weak acid. 


® 
jt, Ss PhCH + H3NCH,CO$ 
Triphenylmethane Glycine 
Ph,CNHCH,CO,H —| 
® 
ee, Puvon + H;NCH,CO$ 
me Triphenylmethanol Glycine 
Mechanism: 
a H,0° ® @ 
PhsCNHCH;COsH x3ya95,9> PhsC-{NH;CH,COjH—> Ph? + NH,CH;CO,H 
2 
_ 
H,0: 9 
H,0° + PhyC—OH <2") phic (OH — NH3CH2CO3 
H 


(vi) 9-Fluorenylmethoxycarbonyl group, abbreviated as Fmoc, may also be used 
as an amino protecting group. It is formed by reacting the amino acid with 
9-fluorenylmethyl chloroformate in a nucleophilic acyl substitution reaction. 


O 


| i 
(S CL a> 


> CHO Cl+H,NCHRCO,H 22> CH,—O NHCHRCO,H 


9-Fluoromethyl 


chloroformate age caneon 


(Fmoc-Cl) Fmoc-protected amino acid 
Mechanism: 
O O 
tS Gi © | R 
C | 
Se CH,—O LiLo} ers Le CH,—O0 ~~ ~NHCHCO,H 
2 


HORS + NHCHRCO,H + H,O+CIl° 
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While this protecting group is stable to most acids, it can be removed by treatment with 
a base (NHz3 or an amine) to regenerate the free amino group. Removal by piperidine, for 
example, may be shown as follows: 


1 ee oO 1 


C 7 Ci. 
CH,—-O~"~NHCHCO,H  —1_ ; cH, Lo> ~NHCHCO,H 
i (piperidine C i 
® 
¢ ENS 


This hydrogen is 
acidic because the 
conjugate base is a 

stable aromatic system 


- CH, + CO, + H;NCHCO,H 


ie h 


| 
It is to be noted that the benzoyl group (Ph—C=O) cannot be used as the 
N-protecting group. This is because it cannot be removed by hydrolysis without cleavage 
of the peptide linkages we are trying to make. 


Activation of the carboxyl group Activation of the —COOH group of the N-protected amino 
acid can be carried out by the following ways: 

(i) By converting it to an acid chloride (—COOH —~ —COC)): This procedure 

was used in early peptide synthesis, but acyl chlorides are actually more reactive 

than necessary. As a consequence their use leads to complicated side reactions. For 


example: 
SOCI, 
pre eer ane —— aN ee 
CH, CH; 
Z-Ala Acid chloride of 
Z-Ala 
Mechanism 
O 0 O 
¢—-NHCH—c#— + A. => 2—nucn—_co\s=0—> 2—NHCHCOC! 
[ “OH 6 G [ Wog. | 


CHg CH; ‘CI: CHs 
+ SO, 
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(ii) By converting it to a mixed anhydride: A much better method involves 
conversion of the carboxyl group into a mixed anhydride using ethyl] chloroformate 


on Mic . For example: 
O 
Z—NHCHCO,H —@X—-> 7%—NHCH E re) 4 OE 
can i CO, 2. CICO9Et —C—O—C— Ot 
CH,Ph CH,Ph 
Z-Phe Mixed anhydride of 
Z-Phe 
Mechanism 
O 
- | ‘O° 
: (S) C O . 
Z—NHCH—C%, : —> 7—NHCH—C “Qa Sone, ea ae 
| <o nH i No | | 
CH,Ph a CH,Ph CH,Ph OEt 
a @ () 
Et3N Et;NH Et;NH 


1 1 
C C ® 
Z—NHCH,” “o~~ SEtO + EtsNHCI° 
Gii) By converting it to a p-nitrophenyl ester (an active ester): When the 
Z-protected amino acid is allowed to react with p-nitrophenol in the presence of 
N,N’-dicyclohexylcarbodiimide (DCC), the corresponding p-nitrophenyl ester is 
obtained. For example: 
OH if 
Z—NHCH,CO.H | < _>-N-C=NX__D , Z-NHCH,-C—0X © >No, 
oly (DCC) p-Nitropheny] ester 
NO, of Z-Gly 


p-Nitrophenyl] ester are very much reactive because the p-nitrophenoxide ion is a 
much better leaving group. 
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Mechanism: 
eo @ 
Oo eee Olen 
+ Vay 4\_H — | 
07-H y O—C—CH,NH—Z 
Z—NHCH,—C<—7 Z—NHCH,—C | 
: Le 
O ee H 


NHYC—NH NH=C—NH 
| 


ie 
o-c—CH,NH-Z <— 0—C—CH,NH—Z 
| 
eed Awe oN<XKO>—OP a 
T 
< NH—C—NH » + Z—NHCH,C—O— © >-NOz 
O 


N, N’-Dicyclohexylurea 


(iv) By converting it to an acyl azide: The Z-protected amino acid is converted to 
the corresponding acylazide by first converting it into an ester and then by treating 
the ester with hydrazine followed by nitrous acid (NaNO,/HCl). For example: 


O 
| 
CH;0H NH,NH. 
BOE — 7 ea ae oie a 
Me Me Me 
Z-Ala 
O (NaNO./HCl) 


An acylazide 
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Mechanism: 


Formation of ester: 


H® ) ® ® 
R—CO,.H == R—C—OH =~ R—-C—OH =~ R C~OH2 
S) 
R=—CHMeNH—Z HOCH; OCHs 


O H-—O 
eo | 


(2) aly 

H;0 + R—C—OCH, =S H,O0 + R—C—OCH3 

Formation of acyl hydrazide: 
I i FF 
a se ® @® 

R—C—OCH; /4 NH,NH, —> R—C—OCH, “=> R—C-COCH; —> R—C—NHNH, 

ae ae, An acyl hydrazide 

+ CH;0H 


Formation of acyl azide: 


O O O 


| Ce. | _H° | 
R—C—NHNH, Sag R—C—NH—NH,—N=0 —== R-C—NH—NH—N=O 


ioe oe ]|t2ot0. 
H,0: 0 O 
® ll a ® H® | 
R—-C—N—NEN => R—C—NH—N=N—OH,=> R—C—NH—N=N—OH 


YY 
. O 
-H;0 | | 9 ® 
_ R—C—N—N=N 


An acyl azide 


When the protect, activated amino acid is allowed to react with the second amino acid, the 
second amino acid undergoes acylation leading to the formation of a peptide linkage. For 
example: 
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| ea 

Z—NHCHC—O—C—OC,H; + H,NCH,CO,H ——> Z—NHCH—C LO seia® focus 

bu, Gly bu, b_cH.Co,H 

Z-Ala ||-co: 
O O 
CjH;0H + 7--NHCHC—NHCH,CO,H ee 2_NHCHC—SH1,CH,CO,H 
CHs bu, + CpH;0° 
Z—Ala-Gly 


Synthesis of Ala-Val-Phe by the solution-phase method 


The structure of alanylvalylphenylalanine, a simple tripeptide, is as follows: 


O 
| ! 
NN Nee 


CH, CH(CHs3). CH.Ph 
Alanyl Valyl Phenylalanine 
Ala—Val—Phe 


Step 1: Protection of the amino group of alanine 


0|4 Z group 
1 | 
<O>-CH,-0-€ O1 + HN—CH— — 009 08> CH,—O—C--NH—CH—CO,H 
Benzyl chloroformate CH, CHs 
Z-Cl Alanine 


Benzyloxycarbonyl alanine 
Ala Z-Ala 


Step 2: Activation of the carboxyl group of Z-Ala 


O 
| | I 
Z—NHCH—CO,H + Cl_C—oc,H, 2’ z-NHCH—C—O—C—OC,H, + HCl 


| | 
CHs Ethyl! CH; 


Z—Ala chloroformate A mixed anhydride 
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Step 3: Coupling of the next amino acid valine 


1d i 
ee eee = + Pavone > i ia i 
CH, CH(CHsg). CH, CH(CHs3). 
Protected and activated Valine Z—Ala—Val 
alanine 


+CO,T + C,H;OH 
Step 4: Activation of the carboxyl group of Z-Ala-Val 


O O O O 
2_-NHCHC_NHCH_co,t + cot_ont EN , 2_NHCHC—NHCH—¢_0_G_ont 
dst, dence, Ethyl bu, dence, + HCl 
Z—Ala—Val cnlOnOrORmave A mixed anhydride 
Step 5: Coupling of the next amino acid phenylalanine 
O O O 
2_NHcHO_NHcH_G_o—4 ont + H,N—CH—CO,H ——> 
CH; bic, CH.Ph 
Protected and activated Phenylalanine 
Ala—Val 


i i 
nen ec + CO,1 + EtOH 
CH; CH(CH3),  CH,Ph 


Z—Ala—Val—Phe 
Step 6: Removal of the protecting groups 
O O O 
| | | H/Pd 
<O>—CH,—0—C—NHCHC—NHCHC—NHCHCO,H a 
| | | (hydrogenolysis) 
CH; CH(CH;). CH,Ph | 
| 1 
<OQ>-CH; +CO.T 4 Fo ee 
Toluene CH, CH(CH;), CH,Ph 


Ala—Val—Phe 


rae ee eee pce 
Modification of the classical method for peptide synthesis (use of DCC) Recently, it has been 
shown that activation of the carboxyl group of the N-protected amino acid followed by 
its reaction with a second amino acid can be avoided by treating the N-protected amino 
acid with the second amino acid (with protected carboxyl group) in the presence of 
dicyclohexylcarbodiimide (DCC). DCC, which acts as an activating as well as dehydrating 
agent, causes formation of peptide linkage directly. Protection of the carboxyl group of the 
second amino acid is required because its reaction with DCC is to be prevented. The second 
amino acid, for example, can be protected by converting it into its benzyl ester, which after 
the peptide linkage has been generated, can easily be hydrolyzed by anhydrous acid (e.g., 
HBr). Deprotection can also be effected by H./Pd. It is to be noted that these two reagents 
also cause deprotection of N-terminus. 


Formation of peptide linkage: 


O 
| 
7 NECHeO + H,NCH,COOCH,Ph <> 7 NBC He Nve,coOCHEs 
Me Glycine benzylester Me 
N-Protected C-Protected 
alanine 


Complete deprotection: 


HBr ® ! ie) 
= H3NCHC—NHCH,COO + (CH,),C=CH, 
i Me + CO, + PhCH,Br 
Z-—-NHCHC—NHCH,COOCH,Ph— Alanylglycine 
Me if 
ThPd . H.NCHC—NHCH,CO0°+ 2PhCH, + CO, 


Me Toluene 


Mechanism The mechanism of peptide formation in the presence of DCC involves the 
steps as follows: 


Step 1 The N-protected amino acid adds to one of the double bonds of DCC to yield an 
O-acylisourea (an activated carboxylic acid derivative). 
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=o wees N=C—NH 
Ore OnvegttiD Onneg-<> 


* md 7 a O—C_CHNH—Z 
y Ss ug = 
z—nHcH_oc S7# Z—NHCH—c< 2 I | 
| SO | SO O CH; 
CH3 CH; An O-acylisourea 


Step 2 The O-acylisourea, which resembles a carboxylic acid anhydride, acts as a 
powerful acylating agent. The C-protected amino acid adds to the carbonyl group of the 
O-acylisourea to form a tetrahedral intermediate. 

FO 


Co sO 
= = N = == ° 
Z a Gp < » Z—NHCH—C—O NH > +H 


O—C 


“= | | 
CH; \wH< > CH,°NH,—CH,COOCH,Ph 
H,NCH,COOCH,Ph 
NX » 
OH 


| C 
Z—NHCH—C—O”  ~NH~<_ > 
| | 
CH, NHCH,COOCH,Ph 


Tetrahedral intermediate 
Step 3. The tetrahedral intermediate finally dissociates to an amide (the dipeptide) and 
N,N’-dicyclohexylurea (DCU). 
NX » 2 yacuce, -NucEeoOeHi 


CH 

——> 3 
YN 

Z—NHCH—cLo” NE a. Z-Alanylglycine benzylester 


| 
CH, NHCH,COOCH,Ph > 


Tetrahedral intermediate oe a ae 


O 
N,N’-Dicyclohexylurea 


Methods like this can be repeated over and over with the addition of a new amino acid 
each time. In this way the hormone oxytocin was synthesized by Vincent du Vignenand 
(Nobel Prize recipient of 1955). 


10.2.7.2 Solid-Phase Peptide Synthesis 


The solution-phase peptide synthesis actually works better for small peptides. This 
method if not suitable for large proteins because a large number of chemical reactions and 


a ee eee aM 
purifications are required for which the overall yield becomes so small as to be unusable. 
Furthermore, several months (or years) are required to complete so many steps. For these 
reasons, solid-phase peptide synthesis is usually preferred for larger peptides and proteins. 


Robert Bruce Merrifield of Rockefeller University developed a method in 1962 for 
synthesizing peptides without having to purify the intermediates. In this method, peptide 
coupling and deprotection are carried out not in homogeneous solution but at the surface of 
an insoluble polymer, or solid support. After each amino acid is added, the excess reagents 
are washed away by rinsing the bead with solvent. Merrified synthesized ribonuclease (an 
enzyme containing 124 amino acids) involving 369 chemical reactions and 11931 steps 
in just 6 weeks and the overall yield of the protein is 17% (in every reaction the yield is 
> 99%). Merrifields work in solid-phase peptide synthesis won the Nobel Prize in Chemistry 
in the year 1984. 


The solid support is a special polystyrene bead in which some (about 10%) of the aromatic 
rings have chloromethyl groups. The polymer is often called the Merrifield resin. 


CH,Cl 
CH,Cl 
4CH—CH,—CH—CH,—CH—CH,-+ = 
Merrifield resin Abbreviation 


The Merrifield resin is prepared by treating polystyrene i , with chloromethyl 
C 


H n 
ots 
methyl ether, CH;0CH,Cl and tin(IV) chloride or BF; (a Lewis acid). 


{CH—CH,—CH—CH,—CH—CH, + + CH,OCH,Cl BPs 
Polystyrene Chloromethyl 
methyl ether 
CH,Cl 


i CH—CH,—CH—CH,—CH—CH, + CH,0H 
Merrifield resin 
The important difference between the solution-phase and the solid phase peptide synthesis 
is that the solid-phase synthesis is done in the opposite direction, i.e., from C-terminus to 
N terminus or right to left as we write the peptide. The first step involves attachment of 
the last amino acid (the C-terminus) to the solid support. 


10.102 Organic Chemistry: A Modern Approach 


The solid-phase peptide synthesis involves the steps as follows: 


Step 1 (attachment of the N-protected C-terminal amino acid) The N-protected (the Boc 
group in the protecting group) C-terminal amino acid of the desired peptide is anchored 
to the polymer by shaking a solution of its salt in an organic solvent with the insoluble 
polymer. The chloromethyl groups on the polymer are reactive toward S,2 attack and 
because of this, the carboxylate group of the N-protected amino acid displaces chloride, 
giving an amino acid ester of the polymer. In fact, the polymer serves as the alcohol part of 
an ester protecting group for the carboxyl end of the C-terminal residue 


Cl 
O O 
a Sy2 a 

Boc—NHCH—C._ .., + CH —| Polymer | ——> Boc—NHCH—C 
| “OR? -cle | ~O_CH, 

R R | 
N-Protected amino 

acid (salt) 


Step 2 (removal of the Boc group) The Boc group is removed by brief treatment with 
trifluoroacetic acid (TFA), CF,CO,H. 


Polymer 


O O 
Z CF,CO,H Z 
Boc—NHCH—C H,NCH—C 
| ~O-CH, CHCh “] O—CH, 
R | R | 
Polymer Polymer 


Polymer-bound amino acid 
After the resin has been washed, the C-terminal amino acid is ready for coupling. 


Step 3 (peptide coupling using DCC) The polymer-bound C-terminal amino acid is coupled 
to an N-protected amino acid by using N,N’-dicyclohexylcarbodiimide (DCC). 


- 
ZO Boo_NHOHCO, i ZO 
H,NCH—C_ DCG > Boe—NHCH—C—NHCH—C__ 
| O—CH, | | O—CH, 
Rt | R? R} | 


Polymer Polymer 


N-Protected, polymer-bound 
dipeptide 


Excess reagent and N,N’-dicyclohexylurea are washed away from the polymer after 
coupling is complete. 


Step 4 (removalofthe Bocgroup) The Bocgroupis removed by treatment with trifluoroacetic 
acid, and after washing, the polymer is now ready for coupling with another N-protected 
amino acid residue involving DCC as the coupling agent. 
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| Z CF,CO,H | O 
Boc—NHCH—C—NHCH—C— a 0 es H,NCHC—NHCH—C~ 
i i aia lp i I aie: 

Polymer Polymer 


Polymer-bound dipeptide 


Steps 3 and 4 may be repeated to introduce as many amino acid residue as desired. 


Steps 5 (removal of the peptide from the polymer) When all the amino acid residues are 
coupled, i.e., the desired peptide is completely assembled, it is removed from the resin by 
treatment with hydrogen bromide in CF;CO.H under conditions mild enough not to affect 
the amide linkages. 


| | ZO 
one ee yhOu . 
—, 2 


ih’ le Re 


Polymer 


O 
| | 
HaNCH- ais ms ae + BrCH,— Polymer 
R” R? R} 
Peptide 


Expulsion of the completed peptide from the solid support may also be accomplished with 
anhydrous HF, which also removes the last Boc group. 


Mechanism for the cleavage of peptide from the polymer: 


O O = O O 
| Si | OH :pe: 


ies cca lc 6_CH, GF,GoO ze ; C—NHCHC—NHCH—C__ 8 +. 
R2 R! & | ° te ha t/ | ° 
Polymer Polymer 
O O CH,Br | 
b_NHCHO_NEICH—Co,tt + as 
ROR 


Merits of the Merrifield method are as follows: 
(a) The impurities are readily removed by washing with a solvent since they are not 
bonded to the polymer. 
(b) The separation of intermediates (which is responsible for low yield) are not 
required. 
(c) The yield is of appreciable amount. 


ick So Oe Ee Re LTTE OE RCTEE Tee T PRET RTT TeT eno ne mone Cerner Cee Ge ee Monee. 
An example of solid-phase synthesis 

The synthesis of Val—Ala—Phe by solid-phase method of Merrifield may be outlined as 
follows (the synthesis is started with commercially available salt of Boc-protected phenyl- 


alanine): 
Cl 
a O Step 1 
Boc—NHCH—C~ .. + CH,—| Polymer | 5?! Boc-NHCH—C~ 
Of ee” | O—CH,— Polymer 
CH,Ph CH,Ph 
Boc-Phe (salt) Step 2 |onsco,ersey 
CH, 
Boc—NHCHCO,H/DCC 
(Boc-Ala) HLNCH ro 
| Step 3 - | “~ O—CH,—{Polymer 
CH,Ph 
O 
| a Step 4 
Boc—NH—CHC—NHCH—C__ y 
| | O—CH,— Polymer| CF,CO,H/CH,Cl, 
CH; CH,Ph 
HC(CH,), 
Boc—NHCHCO,H/DCC 
—_ H,N—CHC—NHCH—C~ 
Step 5 | | O—CH,— Polymer 
CH, CH,Ph 
| i ZO Step 6 


Boc—NHCHC—NHCHC—NHCH— om 
| | ~O—CH,— Polymer| cr,CO,H/CH,Cl, | 


CH(CH,), CHy CH,Ph 


| T 
Heep Es CO0r H,NCHC—NHCHC—NHCH—C~ 
l O—CH,— Polymer 


| Step 7 | | 
CH(CH,), CHg CH,Ph 


| 1 
H,NCHC—NHCHC—NHCHCO,H 


| | 
CH(CH,), CH; CH,Ph 


Val—Ala—Phe 
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10.2.8 Classification of Proteins 


Proteins may be classified according to their chemical composition, shape and function. 


According to chemical composition, they are classified as simple and conjugated proteins. 
Simple proteins are those that hydrolyze to yield only amino acids. Examples of simple 
proteins are insulin, ribonuclease, oxytocin, etc. On the other hand, conjugated proteins 
are those which are bonded to a nonprotein prosthetic group such as a sugar, a nucleic 
acid, a lipid, or some other group. Class, prosthetic group and examples of some conjugated 
proteins are given below: 


Class Prosthetic Group Examples 
1. Glycoproteins Carbohydrates Mucin; Globulin; Interferon 
2. Nucleoproteins Nucleic acids Viruses; Ribosomes 
3. Lipoproteins Lipids, cholesterol High-density lipoprotein (HDL) 
4. Metalloproteins A complexed metal Hemoglobin; Cytochromes 
5. Phosphoproteins Phosphate group Casein of milk 
6. Flavoproteins Flavin nucleotide Succinate dehydrogenase 

(enzyme) 


Proteins are classified as fibrous and globular proteins according to their shape and 
function: 


Fibrous proteins In this class of proteins, large molecules wound around each other to 
produce thread which tend to lye side by side to form fibres. In some cases, they held 
together at many points by hydrogen bonding. Because of this, the intermolecular forces 
that must be overcome by a solvent are very strong, and that’s why they are insoluble in 
water. They function mainly as the chief structural material of animal tissues, a function 
to which their insolubility and fibre-forming tendency suit them. Some examples of fibrous 
proteins are Keratin, in skin, hair, nails, wool, horn and feathers; collagen, in tendons; 
myosin in muscle and fibroin, in silk. Fibrous proteins are also called structural proteins. 


Globular proteins In this class of proteins, large protein molecules are folded into compact 
units that often approach spheroidal shapes. The folding takes place in such a way that 
the lipophilic, i.e., hydrophobic parts (R groups) are turned inward, toward each other, and 
away from water, whereas the hydrophilic parts (e.g, charged groups) are turned outward 
to form H-bonding with water molecules. Because of this, globular proteins are soluble in 
water. Since areas of contact between molecules are small, the intermolecular forces are 
relatively weak. Globular proteins serve a variety of functions related to the maintenance 
and regulation of the life process requiring mobility and hence solubility. Examples of 
globular proteins are enzymes; hormones (e.g., insulin, from the pancreas), albumin in eggs; 
hemoglobin, which transports oxygen from lungs to the tissues; thyroglobulin (from the 
thyroid gland) and fibrinogen which becomes converted into the insoluble, fibrous protein 


Organic Chemistry: A Modern Approach 


fibrin, and thus causes blood clotting (coagulation) that prevents excessive bleeding when 
a blood vessel is injured. 


10.2.9 Levels of Protein Structure 


The various levels of protein structure are as follows: 


1. 


Primary structure: The primary structure of a protein is the covalently bonded 
structure of the molecule which includes the sequence of the amino acid residues, 
together with any disulphide bridges. The primary structure determines all the 
properties of protein directly or indirectly. It is the primary structure on which any 
folding, hydrogen bonding or catalytic activity depends. 

Secondary structure: The secondary structure of protein refers to the shape in 
which the long amino acid chains exist, i.e., the secondary structure of a protein 
is, in fact, the conformational relationship of nearest neighbour amino acids with 
respect to each other. The H-bonding between an N—H of one amino acid residue 
and the O=C of another properly situated amino acid residue is greatly responsible 
for the secondary structure of proteins. Depending upon the size of R group, the 
following three secondary structures are possible: 


(a) Flat sheet structure Protein chains having side chain of smaller size (say H) are 
regarded as fully extended in a zig-zag manner with alternate side chains being on the 
same side situated at a fixed distance. Such extended peptide chains lie side by side ; each 
one of them is joined to the two neighbouring chains through intermolecular hydrogen 
bonds. This results in formation of what is called a flat sheet structure. This is shown in 
the figure below (Figure 10.3): 


O H . oO H 
l lL Xs d | 


NG NG 
Pa “n, | Va “n, | 


_— H-bond 


| 
H 


HOO H 
| | Z| 


| | | 
O \ H  O 


Figure 10.3 Flat sheet secondary structure of protein 


Synthetic polyglycine, because of the presence of no side chain, is expected to have flat 
sheet structure. 
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(b) Pleated sheet structure When there are side chains of moderate size, the peptide chain 
contracts a little in order to accommodate them. This results in what is called the pleated 
sheet structure or the beta arrangement of the protein. In this structure, the peptide 
chains lie side-by-side in an open structure, with inter-chain H-bonding between the N—H 
and C=O groups. Parallel pleated sheets have chains extended in the same direction, all 
with their N-terminal residue starting at the same end. Antiparallel pleated sheets have 
their chains extended in opposite directions. The a-carbons rotate slightly out of the plane 
of sheet to decrease repulsions between the bulky R groups, giving rise to the crimps or 
pleats. In both the pleated sheets, the R groups alternate positions above and below the 
sheet. 


N-terminal N-terminal N-terminal C-terminal 


C-terminal C-terminal C-terminal N-terminal 


Parallel pleated sheet Antiparallel pleated sheet 


(c) a-Helical structure When the side chains of the peptide are quite large, a quite different 
structure is assumed by the peptide chain. The whole peptide chain, in such cases, is 
coiled into a right-handed spiral form known as o-helix, with R groups all extended 
away from the axis of the helix (Figure 10.4). As all the naturally occurring amino acids 
have L-configuration, all protein helices have been found to be right handed. This helical 
conformation with about 3.6 amino acid per turn permits each carbonyl oxygen to be 
hydrogen-bonded to each amide N—H bond and as a result, the arrangement is stabilized. 
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3.6 residues 


Figure 10.4 a-Helix conformation of a typical protein 


The a-helical structure is found in many proteins. It is the predominant structure of the 
polypeptide chains of fibrous proteins like myosin (the protein of muscle), and of a-Keratin 
(the protein of hair), unstretched wool and nails. 


A protein may or may not have the same secondary structure throughout its length. Some 
parts may be curled into an a-helix, while other parts may have pleated sheet structure. 
Some parts may have no secondary structure at all. Such a structureless part is called 
a random coil. For example, most of the globular proteins contain segments of pleated 
sheet or o-helix conformation separated by kinks of random coil, which, in fact, allows the 
molecule to fold into its globular shape. 
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3. Tertiary structure: The tertiary structure of a protein is its complete three- 

dimensional conformation that arises from further folding of its peptide chains. 

It includes all the secondary structures and all the kinks and folds in between. 

The style in which the chain is folded affects both the physical properties of a 

protein and its biological function. The two most important shapes taken up by the 
proteins are globular (spherical shape) and fibrous (rod like shape). 


The attractive forces responsible for the tertiary structure of proteins are as follows: 
(i) Very weak van der Waals forces caused by side-chain R groups (e.g., interaction 
between the tryptophan and phenylalanine residues). 

(ii) Additional H-bonding between side-chain containing —NH— or CONH, and —OH 
groups (e.g., H-bonding between the —OH group of serin and the —NH— group of 
tryptophan or the —CONH, group of asparagin). 

Gii) Intramolecular salt like dipolar bonding (electrostatic attraction) between ‘extra’ 
—COOH and —NH, groups at different sites [e.g., electrostatic attraction between 


® 
the —CH,COO® group of aspartic acid and —(CH,), NH; group of lysine]. 
(iv) Disulphide covalent bonding (—S—S—.) or disulphide cross linkages between the 
loops of the peptide chain between two cysteine residues. 
These attractive forces are shown in the following figure (Figure 10.5). 


Hydrogen bond 
between side 
chains 


‘ Van der Waals 
(CH,),NH---O$C—CHy attraction 
(hydrophobic 
interactions) 
Electrostatic 
attraction 


® Co$ 
Ne 


Figure 10.5 Stabilizing interactions responsible for the tertiary structure of a 
protein 


Disulphide 
bond 


It is to be noted that coiling of an enzyme (a protein) can produce important catalytic 
effects. Polar and hydrophilic (water-loving) side chains are oriented towards the outside 
of the globule, while the nonpolar and hydrophopic (water-hating) groups are oriented 
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towards the interiors. Due to coiling in the proper conformation, an enzyme’s active 
site (the region that binds the substrate and catalyzes the reaction) is created. In fact, 
a reaction taking place at the active site in the interior of an enzyme may proceed under 
anhydrous, nonpolar conditions when, however, the system remains dissolved in water. 
4. Quaternary Structure: Some proteins are assemblies of two or more polypeptide 
chains. The individual chains are called subunits. A protein with one, two, three 
and four subunits are called a monomer, dimer, trimer and tetramer, respectively. 
The quaternary structure of a protein describes the way the subunits are arranged 
with respect to each other. The subunits may be identical or different. The subunits 
are held together by the same kinds of interaction that hold the individual protein 
chains in a particular three-dimensional conformation — van der Waals attractions, 
H-bonding and electrostatic forces of attractions. Hemoglobin, for example, consists 
of four peptide chains fitted together to form a globular protein. It has two different 
kinds of subunits (two of each kind). 


10.2.10 Denaturation of Protein 


Alternation or loss of the unique three-dimensional conformational state of a protein by 
destroying its highly organized tertiary structure is called denaturation of a protein. It 
completely or partially unfolds into random structures without simultaneous cleavage 
of the peptide chain. Anything that breaks the bonds maintaining the three-dimensional 
shape of the protein will cause the protein to denature. The bonds broken are those 
responsible for the secondary, tertiary and, if present, quaternary structures. Because 
these bonds are weak, proteins undergo easy denaturation. 


The different kinds of denaturing agents and the process involved in each case may be 
listed in the table below. 


Denaturing agent Mechanism of action 


1. Proteins can be denatured by heat, UV Each of these agents increases molecular motion, 
radiation or shaking. which can disrupt the attractive forces (like H- 
bonds and van der Waals forces), resulting in pre- 

cipitation. A well-known example is the change 
that takes place to the white of an egg (albumin) 
when it is heated 


2. Changing the pH denatures proteins. This is because it changes the charges on many 
of the side chains. Also, pH change disrupts H- 
bonding and electrostatic attractions causing co- 
agulation. A well-known example is the curdling 
of milk. Milk turns sour because of the bacterial 
conversion of carbohydrates to lactic acid. When 
the pH becomes strongly acidic, soluble milk pro- 
teins are denatured and precipitate. This process 
is called curdling. 
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Denaturation is caused by associating with the 
nonpolar groups of the protein thereby disrupting 
the normal hydrophobic interactions. 


3. Proteins can be denatured by organic 
solvents or detergents like sodium dode- 
cycle sulphate. 


These reagents denature proteins by forming 
H-bonds to protein (replacing intramolecular H- 
bonds) causing precipitation. 

Heavy metals ions like Hg”*, Pb”*, Ag*, TI*, Cd?*, 
etc. denature proteins by disrupting salt bridges 
causing precipitation. 


4. Certain reagents such as guanidine hy- 
drochloride and urea denature proteins. 


5. Denaturation of proteins by heavy metal 
ions. 


e Reversible and Irreversible Denaturation 


If a protein can regain its native state when the denaturing influence is removed, i.e., if 
renaturation is possible, then the denaturation process is called reversible denaturation. 
For example, the enzyme ribonuclease can be denatured by treating with 2-mercaptoethanol 
and 8 M urea. After the urea is removed, and the cysteine —SH groups are allowed to 
reoxidize back to disulphides, the protein spontaneously reassures its original (native) 
conformation and regains its activity. 


8 M urea 


HSCH,CH,OH 
(denaturation) 


Removal of 


urea and HSCH,CH,OH 
(renaturation) 


Peptide 
chain 


Native conformation 
of a protein 


Random coil 
(reduced and denatured 
protein) 


If a protein cannot regain its native state when the denaturing influence is removed, 
1e., if renaturation is not possible, then the denaturation process is called irreversible 
denaturation. For example, when egg white is heated, the soluble globular proteins 
(called albumins) present in egg unfold and coagulate, i.e., undergo denaturation to yield 
a solid rubbery mass of insoluble fibrous proteins. However, when heating is stopped, 
regeneration does not take place. 


Po SOLVED PROBLEMS fo 


1. Explain why the Edman degradation is usually more preferred over the 
Sanger method for sequencing peptides. [C.U. 2013] 
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Solution In Edman degradation, only the N-terminal amino acid is cleaved; the rest of 
the peptide chain remains intact for further degradation. Thus, sequence determination is 
possible by repeating the process. In Sanger method, on the other hand, hydrolytic cleav- 
age brings about the complete breakdown of the peptide to the component amino acids and 
as aresult, the amino acid sequence cannot be easily determined. Because of this, Edman 
degradation is usually more preferred over the Sanger method. 

2. A tetrapeptide of unknown sequence, on amino acid analysis, was found 
to contain Val, Gly, Phe and Ala in equimolar ratios. Predict the primary 
structure of the tetrapeptide from the following three observations: (i) Ala 
is the N-terminal amino acid, (ii) the tetrapeptide is hydrolyzed to yield a 
number of fragments, one of which is a tripeptide composed by Gly, Phe, 
and Ala and (iii) a dipeptide containing val and gly is also present in the 
hydrolysis mixture. 


Solution Since Ala is the N-terminal amino acid and the tripeptide obtained on partial 
hydrolysis contains Ala but not Val, Val must be the C-terminal amino acid. Since Val and 
Gly are found together in the same dipeptide present in the hydrolysis mixture, Gly must 
be the third amino acid residue, counting from the N-terminus. Therefore, the primary 
structure of the tetrapeptide is 
Ala — Phe — Gly — Val 
3. When heated with peroxy formic acid, the peptide hormone vasopressin 
is partially hydrolyzed. The following fragments are isolated. Predict the 
structure of vasopressin. 


Phe - Gln - Asn Pro - Arg - Gly . NH, Cys -Tyr - Phe 
Asn - Cys - Pro - Arg Tyr - Phe - Gln - Asn 
Solution The complete structure of the peptide vasopressin may be obtained if we match 
the overlapping regions of the fragments obtained on hydrolysis. 
Cys — Tyr — Phe 
Phe — Gln — Asn 
Tyr — Phe — Gln — Asn 
Asn — Cys — Pro — Arg 
Pro — Arg — Gly — NH, 


C-terminus 
(amide form) 


Cys — Tyr — Phe — Gln — Asn — Cys — Pro — Arg — Gly — NH, 
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4, Predict the peptides that would result from cleavage by the indicated 
reagent. 
(a) Try - Ile - Gly - Arg - Leu - Gly - Phe - Lys - Asn -Trp - Phe 
| 
(by Trypsin) HN . Gln - Gln - Gly - Gly - Lys - Ala - Gly 
(b) Leu - Gly - Ser - Met - Phe - Pro - Tyr - Gly - Val (by chymotrypsin) 
Solution (a) Trypsin cleaves a peptide chain at the carboxyl groups of the basic amino 
acids lysine (Lys) and arginine (Arg). Therefore, trypsin cleaves the chain at the following 
points (shown by arrow) to give four (I-IV) peptides: 


Tyr — Ile — Gly — Arg £ Leu - Gly — Phe — Lys £ Asn — Trp — Phe 
| 
<p HN. Gin - Gln - Gly - Gly — Lys + Ala - Gly 
Tyr — Ile —- Gly — Arg + Leu — Gly — Phe — Lys + 


I II 
Asn — Trp — Phe — Gly — Ala + Lys — Gly — Gly — Gln —- Gln - NH, 
II IV 


(b) Chymotrypsin cleaves a peptide chain at the carboxyl groups of the aromatic amino 
acids phenylalanine (Phe), tyrosin (Tyr) and tryptophan (typ). Therefore, chymotrypsin 
cleaves the chain at the following points (shown by arrow) to yield three (I-III) peptides: 


Leu — Gly — Ser — Met — Phe L Pro — Tyr L Gly = Val —“ess 5 
Leu — Gly — Ser — Met — Phe + Pro — Tyr + Gly — Val 
I II III 

5. A pentapeptide (I) does not release nitrogen upon treatment with HNO,. 
On acid-catalyzed hydrolysis, it produces glycine (3 moles), alanine (1 
mole) and Valine (1 mole). Its partial hydrolysis gives two dipeptides Ala 
- Gly and Gly-Ala. Predict the possible structures of the pentapeptide 
that fit these data; give plausible explanations. 


Solution Since the pentapeptide (I) does not release nitrogen upon treatment with HNO, 
(NaNO./HCI), there is no free —NH, group at the N-terminal, and the peptide I must be 
a cyclic one. On partial acidic hydrolysis, I yields two dipeptides Ala — Gly and Gly — Ala. 
This suggests that I must contain Gly — Ala — Gly system. 


Gly — Ala 
Ala — Gly 
Gly — Ala — Gly 


The remaining two amino acids Val and Gly may exist as Val — Gly or Gly — Val. When 
these two dipeptide fragments are joined with the tripeptide fragment we may get two 
possible structures (A and B) of I. These may be shown as follows: 
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Ala _ Ala\ \_ 
Gly” “Gly — ese a 
= CH, Val NH 
| f\ Gly / / 
Val—Gly (CH3)2CH NH! _. Gly jie 
yw 
‘i 5 w-nH-CSo 
. 
/CHy SNH CH; 
Ala oN Ly 6g eo 
ra aC=0 
Gy by ca Gly - 
Gly ——Val NH) Val SYS buy, 
\ / 
B C~ oH NH 
| 
0 CH(CH,), 


6. Write down the reactions involved in a sequential Edman degradation of 
the tripeptide Arg - Met - Ile. 
Solution 
O O 
H,N— cul = NHCHE _ NHCHCO$ PhN=C=S (Phenylisothiocyanate) 
| | pH9 
(CH)s (CHy)oSCH, CHCH,CH3 
NH—C—NH, CH 


| 
NH 


Arg—Met-Ile 


1 1 i 
Cl 
= PhNHC—NHCHC —NHCHC —-NHCHCO$ 


Nitromethane | | 


(CHg)3 (CHg),SCH3; CHCH2,CH3 


| 
NH—C—NH; CH, 
NH 
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DM 


I 
H NCHC —NHCHCO$ Ph e 
2. 2 i" Nyy NH 


(CH,),SCH, CHCH,cH, \ / 


ze CH 
Ow \ 
Met-Ile CH, (CH2)3 —NH—C—NH 
Phenylthiohydantoin NH» 


derived from argenine 


S 
| 


Ph ® 
1.PAN=O=S, OH? _ N~ “NH +. -HNCHCO,H 


2. HCl/nitromethane \ i 
(CHy)2SCH3 CH3 
Phenylthiohydantoin Tle 


derived from methionine 


7. A hexapeptide (I) on complete hydrolysis in the presence of aqueous 
acid give Arg, Phe, Lys, Gly, Val, Tyr and NH, (one equivalent each). 
Incubation of I with the enzyme chymotripsin yields the dipeptide Arg - 
Tyr and a tetrapeptide (II) containing Gly, Lys, Phe and Val. When I and 
II is incubated with carboxypeptidase, there occurs no cleavage. When II 
is hydrolyzed partially in the presence of acid, Phe - Val, Gly - Lys, Lys 
- Phe and NH are obtained. However, when II is subjected to a single 
Edman degradation, the following phenylthiohydantoin III is obtained. 
Provide a structure for I. 


Ph 
~N NH 


O" iT 


Solution The phenylthiohydantoin III is derived from the amino acid glycine. Therefore, 
the N-terminal residue in the tetrapeptide II is Gly. Writing Gly first and matching the 
overlapping regions of the dipeptide fragments we get the structure of II as Gly — Lys — 
Phe — Val 
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Gly — Lys 
Lys —Phe 
Phe — Val 

Gly — Lys — Phe - Val 
Since IT does not undergo hydrolytic cleavage of the C-terminal peptide bond by carboxy- 
peptidase, it must present as an amide. This is also supported by the fact that the 
hexapeptide I on complete hydrolysis yields ammonia. The formation of Arg — Tyr by 
the cleavage of the carboxyl peptide bond of Tyr with chymotrypsin suggests that Tyr is 
bonded to Gly of II. Hence, the structure of the hexapeptide I is Arg — Tyr — Gly — Lys — 
Phe — Val - NHo. 

8. Amino acid analysis of a pentapeptide shows that it contains one Gly, one 
Ala, one Met and two Phe residues. Treatment of the pentapeptide with 
carboxypeptidase gives phenylalanine as the first free amino acid released. 
Sequential treatment of the pentapeptide with phenyl isothiocynate 
(PITC) followed by mild hydrolysis gives the following derivatives: 


Ph A Ph A Ph. A 
lam =a ok. 


O CH,Ph 


(first time) (second time) (third aaa 


Propose a structure of the starting pentapeptide. 


Solution Since carboxypeptide releases phenylalanine, therefore, Phe is the C-terminal 
amino acid of the pentapeptide. The Edman’s reagent releases PTH — Phe as the first de- 
rivative, PTH — Gly as the second derivative and PTh — Ala as the third derivative. There- 
fore, from N-terminal the sequence is Phe — Gly — Ala. It thus follows that the amino acid 
residue Met must be placed between Ala and Phe. The structure of the pentapeptide may, 
therefore, be written as follows: 


Phe — Gly — Ala — Met — Phe 


9. Show the steps and the intermediates in the synthesis of Leu - Phe - Ile 
by (a) solution-phase process and (b) solid-phase process. 
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Solution 


(a) Solution-phase process 
(i) fert-Butyloxycarbonyl method 
O 


l Shw2 ae: Aus I 
—OCMesz + HsNCHCOs 2.H,0° Be eee 


Me3;CO—C 
Di-tert-butyl CH, CH, 
carbonate | 

CHMe, CHMe, 
Leu Boc—Leu 
1. EtsN 
2. CICO,C,H; 
T i ia I r 
Ad ©) 
Me;COC—NHCHC—NHCHCO,H < HaNCHOOsPhe)_y¥e.cO—C— NHCHC—O—C—OC,H, 
| —CO., —C,H;0H | 
| CH.Ph CH,CHMe, 
CH,CHMe, : : 
A mixed anhydride 
Boc—Leu—Phe 
1. EtsN 
2. CICO,C,H; 
7 ? ° CH(CH;)CH,CH; 
© ) 
— = ee eee ee H;N—CH—CO3 (Ile) 
Me3COC — ae O—C— OCH; ~ 60, 0, HOH | 
CH,Ph 
CH,CHMe, * 


O 
| | | 
Me;COCNHCHC— NHCHC—NHCHCO,H 


| 
| CH,Ph CHCH, 


A mixed anhydride 


CF3;CO,H 
in AcOH CH,CHMe, | 
: ‘ Boc—Leu—Phe-TIle 
® 
Me,C=CH, + CO,1 + H;3NCHC—NHCHC—NHCHCO}; 
| | | CF;CO,H 
CH,CHMes HPA CH(CH3)CH2CH3 in ACOH 


Leu—Phe-—TIle 
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(ii) Benzyloxycarbonyl method: 


O 


| ® 
PhCH,O—C—Cl + H3;NCHCOS$ 


Benzyloxycarbonyl 
chloride 


O 
| 


Leu 


O 
| 


PhCH,OC—NHCHC— NHCHCO,H 


CH,Ph 


CH,CHMe, 
Z—Leu—Phe 


1. EtsN 
2. CICO,Et 


O O 
| | 


O 
| 
PhCH,OC—NHCHC—NHCHC 


| 
CH,CHMe, 


1. OH® 
—— 


1. EtsN 
2. H,0® 


2. CICO,Et 


O O 
»Ph | | | 
: PhCH,OC -NHCH—C—0O—C— OEt 
H;NCHCO3(Phc) | 
J 
—CO,, —EtOH CHyCHMe, 


A mixed anhydride 


PhCH,O— C—NHCHCO.H 


Fle.  CH2CHMes 


CH 
@ | 


CH(CH3)CH2CHs; 


O (3) 
I H,NCHCOx(Lle) 


O—C—OEt 


| CH,Ph 
CH,CHMe, 


A mixed anhydride 


—CO,, —EtOH | 


it 
PhCH,OC—NHCHC— NHCHC— NHCHCO.2H 


| 
H./Pd 


or HBr/AcOH 


CH»Ph CHCHs 
CH,CHMe, | 
CH»,CHs 

Z—Leu—Phe-Ile 


ee 
® 
PhCH; + CO? + oases tenia ake 
Toluene 
CH,CHMeCH2Ph — CH(CH,)CH,CH; 
Leu—Phe-TIle 


(b) Solid-phase process 


as follows: 


The synthesis of Leu — Phe — Ile by the solid-phase method of Merrifield may be outlined 
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1 O 
O | 
Boe—NHCH—CC a Polymer a Boc—NHCHC—O—CH,—|Polymer 
CH,CHMe, CH,CHMe, 
N-protected Ile CF;CO,H 
‘ CHLPh Step 21CH.Cl, 
0 ? BocNHCHCO,H/ 
Boe NHOHO NHCHOO “OE Polymer —Step3 >? HyNCHC—O—CH;— Polymer 
CH,CHMe,CH2Ph CH,CHMe, 
Step ‘lersco.tc.c 
CHICHS)CHACHs 
| | 
HaNCHC—NHCHCO—CH,— Polymer| — oe 
CH,CHMe,CH,Ph 
| | 
a BoeNHCHC—NHCHU—NHCHC—O—CH- Polymer 
212 
| a CH,CH,CHCH,; CH,Ph CH,CHMe, 


0 0 
| | | 
H3;NCHC—NHCHC—NHCHC—O—CH,—|Polymer 
CH;CH,CHCH; CH,Ph CH,CHMey 


I | 
eT HjN—CHC—NHCHC—NHCH—CO,H 
CH;CH,CHCH; CH;Ph CH,CHMe, 
Leu—Phe-Ile (salt) 


10. When an amino acid  is_ treated’ with — fert-butoxycarbo- 
nyloximinophenylacetonitrile (“Boc-On”), a Boc-protected amino acid is 
obtained. Suggest a mechanism for the following reaction. 


CN CN 


Set rg tae GL 0 
Ph pe COS 2.1.0" CO,H Ph SN 
HO “re 


Boc- Pes 


“Boc- oe = 
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Solution The mechanism of the reaction involves the steps as follows: 


CN CN \edscot 
O. O + ° O 
H 
r 


cor “s | 
Pro * 


Of on_| f ne 
@ 
N~ ~CO$3 PhS oe C <> C= + N~ ~CO§ 


A 
| | | wel foo 
: ZC~ 
On O-e Paw pry 7 es 
H,0° Nt CO.H 
H” \-0-< 
O 
11. Identify the compounds A-D in the following reaction sequence: 
q COuCHaPh 
) HO—N Mn 
CO5 7 5 . oo CH(CHs)2 
Com,.py + PhCH,OCCI 3-7 os? A O ,p HN “H 
@ 
H3C NH 
ee 2PhCH, + CO, +D <2" ¢ 


In the second step, the carboxyl group is activated by converting it to an 
N-hydroxysuccinimide ester. Explain why this ester is relatively more reactive 
than methyl or ethyl ester. 


Solution 
O 
eost Ome -N 
A= Cini. : B= Com. H O 
H3C epee H3C ws cece 
O 
(eee 
O Cotinns. CH(CHs3), 0 Comins. CH(CH3)5 
oe H as H 
C = Cin. 3 D = Cum Ht H 
® 


HC NHGOCH,PA H,¢ “NH, 
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The N-hydroxysuccinimide ester is relatively more reactive than methyl or ethyl ester 
because the N-hydroxysuccinimide anion is a better (less basic and more stable) leaving 
group than methoxide or ethoxide ion. 


05 :Q: 
<> 4D <> A) 
:O: 05 


N-Oxysuccinimide anion 


(the negative charge on anionic oxygen is stabilized by the —I effect of the adjacent 
positively polarized N atom) 

12. How would you prepare Gly-Ala and Ala-Gly by using potassium 
phthalimide and an appropriate bromoester? Which dipeptide is expected 
to be obtained in large amount? 

Solution 


Preparation of Gly - Ala: 


O 
oe aon, oGe CH,CO Bt A> N—CH,CO,H 
0 [soc 
l ee P 
NHNH, N—CHy—¢—NHCHCOH faNcHCoR, N—CH,COCI 
O O 
i 
NH @ 
tay * FONCH:G —NHCHCO: 
b O 


Gly-Ala 
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Preparation of Ala - Gly: 


O 


CH CH, 
2 BrCH(CH;)CO,Et H,0° 
KK, N—CHCO;Et = yar? N—CHCO,H 
O O O SOCI, 
Vv 
0 CH O CH; 
© S) 
a N—CHG—NHCH,CO3H eee N—CHCOCI 
O 0 O 
i 1 
NH . y,.NCHC—NHCH,CO? 
NH l i 
3 
° Ala—Gly 


Gly — Ala is expected to be obtained in larger amount because the first step of its synthesis 
(an Sy2 reaction) involves a primary substrate, whereas the first step of the synthesis of 
Ala — Gly involves a secondary substrate (sterically more hindered towards Sy2 attack). 
13. Outline the steps in the preparation of Ala - Phe from L-amino acids using 
bezoyloxycarbony] (Z-) group as a protecting group. 


Solution 
5 908 ? see 0 CO,H 
H3N H + PhCH,O—C—Cl 2H PhCH,O—C—NH-|—H 
CH, Benzyloxycarbonyl CH, 
L-Alanine chloride i EtsN 
CO,H ' 2. CICO,Et - 
sa ce (ee Ph | 
NH oe 2 O NS DC OEt 
O = L-Phenylalanin | 
I (° ca or PhCH,O—C—NH-|—H 
r>—— PhCH,O—C—NH——H , CH; 
CHa A mixed anhydride 
CO,H 
H—+—CH,Ph 
NH 
H,/Pd 
—PhCH,; CO; C=O 
H,N--H 
CH, 


Ala-Phe 
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14. Draw the structure of the phenylthiohydantoin derivative of L-valine. 


Solution The structure of the PTH — Val obtained from the L-amino acid is as follows: 


‘ia 


S O 
N 
Ne \o7 


\  / 
HN Com CHCH, 
H 


15. Using abbreviated names, write all possible formulations of tripeptide 
consisting of glycine, valine and phenylalanine. 


Solution Each amino acid can function as N-terminal residue as well as C-terminal resi- 
due. Therefore, six tripeptides are possible and these are 
(i) Gly —Val— Phe (ii) Val — Gly — Phe (iii) Phe — Gly — Val 

(iv) Gly — Phe - Val (v) Val— Phe - Gly (vi) Phe — Val — Gly 

16. Predict the products expected from (a) partial and (b) complete hydrolysis 
of the tetrapeptide Phe - Gly - Ala - Val. 

Solution 

(a) The dipeptides and tripeptides obtained on partial hydrolysis of Phe — Gly — Ala — 
Val are as follows: 
dipeptides: Phe — Gly, Gly — Ala and Ala — Val 
tripeptides: Phe — Gly — Ala and Gly — Ala — Val 

(b) On complete hydrolysis the tetrapeptide produces the four component amino acids 
which are: Phe, Gly, Ala and Val. 

17. Atripeptide (A) undergoes complete hydrolysis to yield Glu (2 equiv.), Ala 
(1 equiv.) and NH, (1 equiv.). A contains only one —COOH group and is 
unable to react with 2,4-dinitrofluorobenzene. When A is incubated with 
carboxypeptidase, Ala is released first. Suggest a reasonable structure for 
A. [C.U. 2011] 


Solution Since carboxypeptidase releases Ala as the first amino acid residue, the C-ter- 
minal amino acid of Ais Ala and therefore, the amino acid sequence is Glu — Glu — Ala. A 
does not react with the Sanger reagent. This indicates that the HN — group of Glu forms a 
lactam with the —COOH group of the side chain. Since one equivalent of NH; is obtained, 
the —CO.H group of the side chain of other Glu must exist as —CONH, group. Hence, the 
structure of the tripeptide (A) is as follows. 


CH,—CH,—CONH, 


O 
ee J | 
HN—CH—C—NH—CH—C—NH—CH—CO.H 


lactam ! a oe | | 
br ce O CH, 


LSet 
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18. (a) Suggest a mechanism for oxidation of a thiol (e.g., C,H;SH) to a 
disulfide (e.g., diethyl disulfide) 


Br, in basic solution 


2C,H;SH (mild oxidation) C2H;—S—S—CoHs 
Ethanethiol Diethyl] disulfide 


(b) Comment on the unique role of cysteine and cysteine in protein 
structure. 
Solution 
(a) The mechanistic steps involved in oxidation of a thiol to a disulfide are as follows: 


. sae i Cy ae 
Bt— 8 = ees? BBs HP + et—sBr > Et-s—s—et + BP 


Diethyl disulfide 


Since the reaction is reversible in nature, a mild reduction cleaves a disulfide to a 
thiol. 

(b) The amino acid cysteine contains a thiol group in its side chain. Two cysteine 
molecules, therefore, can be oxidized to a disulfide. This disulfide is called cystine. 


O 
VA Mild oxidation 
Sd 


2HSCH,CH—C. °0,CCHCH,S—S—CH,—CH—CO$ 

© 

°NH3 o ®NH; ®°NH; 
Cysteine Cystine 


The two cysteine residues in a protein can undergo oxidation to yield a disulfide. 
This is what is called a disulfide bridge (also called disulfide linkage). Disulfide 
bridges are the only covalent bonds that can form between two nonadjacent amino 
acids. They can join two chains or link a single chain into a ring. Therefore, they 
contribute to the overall shape of a fragment by holding the cysteine residues in 
close proximity. 

19. Show the covalent and noncovalent interactions between the amino acid 
side chains in proteins with suitable examples. 


Solution Four types of interactions are involved between the amino acid side chains in 
proteins. 


ja ACT Re FTO te is ae PUUCIETG FUAD satis aapaeld uiuaetes tebe bop uc bo teeta ddoeamereddaeebl oie 
Type of interaction Example 
1. S—-S bond between two cysteins O 
(disulfide bridge) 
8 Lae ae NH 
O 
Cys S—S Cys 
2. Electrostatic attraction between op- yt 
positely charged ions (salt bridge) 2 
O 79 Shoriser ess > HN \ 
q ul y 
ee awa a7 NE Q 
2 H.N 
Asp----> Arg HN- 
3. Positively polarized H of O—H and O YN 
N—H group interacts with an electro- N JH O 
negative atom (O or N), i.e., hydrogen HN NE es O 
bond. vA O ig 
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1. How can you determine the C-terminal and N-terminal residue of a peptide chain? 


[C.U. 2012, 2014, 2015] 


[Hint: See article no. 10.2.6 (Terminal residue analysis)] 


Outline briefly the chemical strategy for the synthesis of the tripeptide Ala — Gly — 
Val following the Merrified solid phase synthetic method. 


[C.U. 2014] 


[Hint: See article no. 10.2.7.2 (solid phase peptide synthesis)] 


method involving DCC. 


Delineate the pathway to synthesize the dipeptide Val — Gly using direct synthetic 


[C.U. 2015] 


[Hint: Z-protected valine is to be treated with glycine benzyl ester and finally 
deprotection is carried out by treating with H./Pd. See article no. 10.2.7.1 (peptide 


synthesis using DCC).] 


10. 


11. 


12. 


13. 


14. 


15. 


16. 
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Write down the complete structures for the following peptides and indicate whether 

each peptide is acidic, basic or neutral. 

(a) Ala-— Gly — Cys (b) Gly — Ala — Phe 

(c) Arginylleucylglycine (d) Threonylmethionine 

Gramicidin S (a polypeptide having antibiotic properties) on partial hydrolysis 

yields the following di- and tripeptides. 

Leu — Phe ; Phe — Pro ; Orn — Leu ; Val — Orn ; Phe — Pro — Val ; Val — Orn — Leu ; 

Pro — Val — Orn. 

Predict the structure of gramicidin S. 

A tripeptide on hydrolysis produces two molecules of alanine and one molecule of 

phenylalanine. Give the possible structures of the tripeptide. 

Write down a scheme for the synthesis of the dipeptide, Gly — Ala, using DCC 

promoted peptide bond formation. Give the mechanism. [C.U. 2011, 2013] 

[Hint: See article no. 10.2.7 (use of DCC).] 

How would you synthesize the tripeptide Phe — Gly — Ala applying the Merrifield 

methodology and using Boc-group as the N-protecting group. What are the 

advantages associated with the solid-phase peptide synthesis. [C.U. 2012] 

[Hint: See the solved problem 9.] 

How would you differentiate chemically between the following peptides? 

Gly —Ala-—Ala and Ala-—Gly—-Ala 

[Hint: Treatment with HNO, follow by iodoform reaction can be used to differentiate 

between these two tripeptides.] 

A tripeptide having the empirical composition (Phe, Gly, Ser) is subjected to the 

action of carboxypeptidase. The first free amino acid to appear in solution is Phe. 

When the tripeptide is subjected to Edman degradation, the phenylthiohydantoin 

derivative of glycine is obtained. Deduce the structure of the tripeptide and write 

the steps involved in Edman degradation. [C.U. 2010] 

Synthesize the dipeptide L-alanyl-L-phenylalanine using suitable protecting 

groups. 

How is the —NH, group of an amino acid protected by its Boc derivative during 

peptide synthesis? Also, mention its removal in the subsequent steps. 

Explain with mechanism the role of 2,4-DNFB for the determination of N-terminal 

residue of a protein. 

Explain why the benzoyl group cannot be used as an N-protecting group for peptide 

synthesis. 

What are the principal forces maintaining the secondary structure of proteins. 
[C.U. 2010] 

Illustrate an application of 2,4-dinitrofluorobenzene in structure determination 

of peptides. How would you justify its choice over the much less expensive 

2,4-dinitrochlorobenzene? 
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20. 


21. 


22. 


23. 


24, 


25. 


26. 


Explain why the peptide C—N bond is stronger and shorter than the usual C—N 
single bond and why the rotation is restricted about this bond. 
Outline a chemical method for determination of C-terminal amino acid of a protein. 
Propose a mechanism for the coupling of acetic acid and aniline using DCC as a 
coupling agent. 
Show how you would synthesize Leu — Gly — Ala — Val — Phe starting with Boc — 
Ala — Val —Phe — |Polymer'|. 
What is Merrifield resin? How can it be used to prepare Gly — Phe. Why cannot the 
amino protection be done by benzoyloxycarbony] group in this process except in the 
last step? 
[Hint: The N-protection cannot be done by Boc-group because its removal (by 
H./Pd or HBr/AcOH) may cause cleavage of the bond between the polymer and 
the peptide chain. It can be used in the last step (i.e., for the protection of the 
last amino acid) because after the introduction of the last amino acid residue the 
peptide is to be detached from the polymer.] 
A dipeptide on hydrolysis gives two amino acids X and Z. If the dipeptide is 
first treated with HNO, and then hydrolysis is carried out, X and lactic acid are 
obtained. X on heating produces 2,5-diketopiperazine. Identify X and Z and write 
the structure of the dipeptide. [C.U. 2010] 
O 


| 
[Hint: The dipeptide is Aly — Gly [H,NCH(CH,)C —NHCH,CO,HI, X is glycine 
CH, 


| 
(H,NCH,CO,H) and Z is alanine (H,N CHCO,H).] 


Proline inhibits the formation of a helical conformation comment. 

[Hint: Proline is a secondary a-amino acid. So, the protein obtained from proline 
contains no H atom attached to the N atom. For this reason, H-bonding with 
carbonyl oxygen does not take place and as a result, the formation of a helical 
conformation is inhibited. ] 

How is Cysteine-Cystine interconversion used to give hair a new shape (i.e., from 
straight to curly or from curly to straight)? 

If you synthesize the tripeptide Leu — Phe — Ala from amino acids prepared by the 
strecker synthesis, how many stereoisomers would you expect to be obtained? 
Discuss the salient features of secondary and tertiary structures of protein 
molecules. [C.U. 2012] 
[Hint: See article no. 10.2.9.] 
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10.3 NUCLEIC ACIDS 


The three major kinds of biopolymers are polysaccharides, proteins, and nucleic acids. 
Nucleic acids are molecules of definite compositions derived form a sugar unit, a nitrogenous 
base and a phosphoric acid unit. As they are found to be present in the nuclei of all living 
cells of animals and since they carry an acidic moiety (phosphate unit), they have been 
given the generic name nucleic acid. Like proteins, nucleic acids also contain a long chain, 
1.e., a backbone, which, except for length, is the same in all nucleic acid molecules. Where 
the backbone of the protein molecule is a polyamide chain (a polypeptide chain), the 
backbone of the nucleic acid molecule is a polyester chain (called a polynucleotide chain). 
The ester is derived from phosphoric acid (the acid part) and a sugar (the alcohol part). 


base base 
. ° 
wy Sugar O P O Sugar -— at a 


Polynucleotide chain 


There are two types of nucleic acids: deoxoyribonucleic acid (DNA) and ribonucleic acid 
(RNA). Of all fields of chemistry, the study of the nucleic acids is perhaps the most 
exciting because these compounds are the substance of heredity. In fact, DNA encodes an 
organism’s entire hereditary information and controls the division of cell and the growth. 
In almost all organism, the genetic information stored in DNA is transcribed into RNA 
and subsequently, this information is translated for the synthesis of all proteins required 
for cellular structure and function. 


10.3.1 Structure of Nucleic Acids 
(a) Primary Structure The structures of nucleic acids have been determined by both 
physical and chemical means. On complete hydrolysis, the nucleic acids afford a mixture 


containing phosphoric acid, a sugar (ribose or 2-deoxyribose), two purine bases (adenine 
and guanine), and three pyrimidine bases (uracil, cytosine and thymine). 


5 5 
HOCH, & OH HOCH, % OH 


H3PO, 4 al 4 1 
Phosphoric H H dH H H H 4H H 
acid 3 2 3 2 

OH H OH OH 
2-Deoxyribose Ribose 


ye 
Sugars 
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Pyrimidine bases 
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oe Ee 
N N NH» 
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Purine bases 


The difference between DNA and RNA lies in the fact that the sugar obtained from the 
former is 2-deoxyribose (2-deoxy means that the sugar lacks an —OH group at 2-position), 
whereas that from the latter is ribose. Both of these sugar units are found in the furanose 
form and are linked through their B-1-position to 1-position of pyrimidine bases and 
9-position of the purine bases. The bases present in DNA are the two purines namely 
adenine (A) and Guanine (G) and the two pyrimidines namely Cytosine (C) and 
thymine (T). RNA also contains only four bases. The three bases (adenine, guanine, and 
cytosine) are the same as those in DNA, but the fourth base in RNA is uracil instead of 
thymine (thymine is 5-methyluracil). The sugar units are joined to the phosphate through 
the C-3 and C-5 hydroxyl group. 


Nucleotides and Nucleosides 


Degradation of nucleic acids under milder conditions results in the formation of relatively 
simple molecules called nucleotides possessing a phosphate unit and a sugar (pentose) 
unit. On careful hydrolysis, nucleotides eliminate phosphoric acid forming another class 
of compounds known as nucleosides. Thus, a base-sugar phosphoric acid unit is called 
a nucleotide and a base-sugar unit called a nucleoside. The names of nucleosides and 
nucleotides are based upon the types of bases present in them. The main structural 
features and nomenclature of nucleosides and nucleotides of two nucleic acids are shown 
as follows. 
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Nucleosides and nucleotides of RNA molecule in which the sugar part is ribose: 
Ribonucleosides Ribinucleotides 


1. Base: Adenine 


Mi NH, 
7 
Adinine (A) NS 2XN}| Adinine (A) 
Oy =i gf 0 <I 
oN : Ne : a | 5’ oN N : 
: &.| O- P—O—CH, 
g ls a v 
aw O 
Ribose H \ H Ribose 
OH OH | OH OH 


Adenosine 


Adenylic acid 
or 
Adenosine 5’-monophosphate 
(Abbreviated name: AMP) 


2. Base: Guanine 


1s 
nso — | Guanine (G) NH 5 
uanine 7 a 
aC ae Be gf 0 iy q 
oN 4 NE 2 NH, a | 5’ NN“ ANNH, 16 
. : s.| O--P—O—CH, ; 
2 L, a 2 
Ribose oo = H H_ | Ribose 
, , f 9 
OH OH | OH HO 


Guanosine 


Guanylic acid 
or 
Guanosine 5’-monophosphate 
(Abbreviated name: GMP) 
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3. Base: Cytosine 


NH, 


oy Cytosine (C) 
NSO 


= . H Ribose 


O OH 
Cytidine 


4. Base: Uracil 


Uracil (U) 


O OH 
Uridine 


The structure of ribonucleic acid 


Phosphate 


Phosphate 


5 


5 
0° P—O—CH, 


OH 


Cytosine (C) 


H_ | Ribose 


Cytidylic acid 


or 


Cytidine 5’-monophosphate 
(Abbreviated name: CMP) 


O 
é ou Uracil (U) 
O 
7 Tl i NSO | 
gee ee O 
4’ V 
Oo? 
H H Ribose 
O OH 
Uridylic acid 
or 


Uridine 5’-monophosphate 


(Abbreviated name: 


UMP) 


Each nucleotide has a phosphate group on its 5’ carbon (the end carbon of ribose) and a 
hydroxyl group on the 3’ carbon. Two nucleotides are joined by a phosphate ester, linkage 
between the 3’-hydroxyl group of one nucleotide and the 5’-phosphate group of another. 
The RNA polymer (a polynucleotide) consists of many such nucleotides bonded this way, 
with a phosphate ester linking a 3’end of one nucleotide to the 5’ end of another. Unless an 
RNA molecule exists in the form of a large ring, it has always two terminals; one terminal 
has a free 3’ group, and the other terminal has a free 5’ group. 
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3’-hydroxyl 


A phosphodiester 


OH OH 


Nucleosides and nucleotides of DNA molecule in which the sugar part is 2-deoxyribose: 


Deoxyribonucleosides | | Deoxyribonucleotides 


1. Base: Adenine 


Pius : NH, 
Adenine (A) = ZN a <N'| Adenine (A) 
ran g sé XI N 2, 
N e) on ff Ne) 
= 2. oO" P—O—CH, O - 
° 
ZL 0° H 4H 
Deoxyribose H H Deoxyribose 
OH H ; OH H ; 
2'-Deoxyadenosine Deoxyadenylic acid 
or 


2’-Deoxyadenosine-5’-monophosphate (dAMP) 
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2. Base: Guanine 


O 


H Deoxyribose 
3 ry 


O 
2’-Deoxyguanosine 


3. Base: Cytosin 


NH, 
5--SN?_ | Cytosine (C) 


sy Ro 
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’ = H Deoxyribose 


O 
2’-Deoxycytidine 


4, Base: Thymine 
O 


H,Cy ANH | Thymine (T) 
5)| he 
6~N-3O 
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Deoxygunilic acid 
or 


2’-Deoxyguanosine 5’-monophosphate (dGMP) 
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Deoxythymidylic acid 
or 


Thymine (T) 


H_ | Deoxyribose 


Thymidine 5’-monophosphate (dTMP) 
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The names of the Bases, the Nucleosides and the Nucleotides are given in the following 


table: 


Ribonucleoside 


Ribonucleotide 


Deoxyribonucleo- 
side 


Deoxyribonucleo- 
tide 


Adenine Adenosine Adenosine 5’—mono- | 2’-Deoxyadenosine | 2’-Deoxyadenosine 
phosphate 5’—monophosphate 
Guanine Guanosine Guanosine 5’—-mo- | 2’-Deoxyguanosine | 2’-Deoxyguanosine 
nophosphate 5’—monophosphate 
Cytosine Cytidine Cytidine 5’-mono- 2’-Deoxycytidine 2’-Deoxycytidine 
phosphate 5’—monophosphate 
Thymine — — Thymidine Thymidine 
5’—monophosphate 
Uracil Uridine Uridine 5’-mono- = = 
phosphate 


It is to be noted that only thymine containing DNA-nucleoside is named as thymidine as 
no corresponding RNA-nucloside exists. 


The positions of bases (A, G, C and Tin DNA and A, G, C and U in RNA) can have different 
permutations and that lead to the formation of varieties of DNA and RNA molecules, each 
having specific role to play. Thus, the nucleic acids, though basically similar, differ from 
each other in number, type and sequence of heterocyclic bases. The manner in which the 
sugar, phosphate and bases are linked with one another in the nucleic acids is known as 
the primary structure of nucleic acid. 


The primary structures of RNA (a part) and DNA (a part) are shown in the following 
figures (Figure 10.6 and 10.7). 


The abbreviated structure of a DNA and RNA molecule (a part) may be represented as 


follows: 
U(orT) A C G 


| | | 
e P—S(5’)—_P—S(3’)_P—S(5’)_P—S(3’)—P.-- 


S = Sugar unit ; P = Phosphate linkage ; U (for RNA), T (for DNA), A, C, G (for both) = 
Bases. 


(b) Secondary structure Quantitative analysis of DNA hydrolysate revealed that in DNA 
the ratio of adenine to thymine and guanine to cytosine are 1 : 1 even though the base 
composition in DNA varied from one species to the other. Based upon these observations 
and assumptions it was proposed that the DNA molecule actually consists of two separate 
polynucleotide strands leading in opposite directions and coiled about a common axis as 
right-handed helices. X-ray diffraction studies of DNA provided support for this structure. 


The polynucleotide chains of the double helix are held together at definite intervals 
through hydrogen bonds. Thus, guanine of one coil is hydrogen bonded, to cytosine of 
the other. Similarly, adenine of one coil is hydrogen bonded to thymine of the other. The 
former pairing involves three hydrogen bonds (C =:G) , whereas the latter involves only 
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Uracil (U) 


Adenine (A) 


Cytosine (C) 


NSeLnH | Guanine (G) 


Figure 10.6 Part of an RNA molecule 


10.136 Organic Chemistry: A Modern Approach 


5’ end 
_ HC SN Thymine (T) 
a, 6 nO 


Adenine (A) 


Cytosine (C) 


v4 1 
aioe Guanine (G) 
8 
9 4 NPN 2 


| 3’ end 


Figure 10.7 Part of a DNA molecule 


two (A==T). This is the most stable arrangement as no other pairing of these four bases 
can lead to such strong bonding. Base pairing does not take place between adenine and 
cytosine or between thymine and guanine, i.e., base pairing does not take place between 
purine—purine and pyrimidine—pyrimidine. Using molecular scale model, Watson and 


Amino Acids, Peptides, Proteins and Nucleic Acids 10.137 


Crick have shown that base pairing occurs in a specific way because purine—purine base 
pairing fails due to their large size which generates steric interactions and pyrimidine— 
pyrimidine base pairing cannot occur because of electronic and steric reasons (discussed 
later). The Watson—Crick model not only explained the base equivalence but other 
important characteristics such as replication of DNA. The salient features of Watson— 
Crick model are summarized as follows. 


2.0 nm 


Strand Ly y Strand II: 


5’ end 3’ end 


Minor 
groove 


—— 


3.4 nm 


Sugar-phosphate Lam P 


backbone Major 


groove 


0.34 nm 


Strand I: 
3’ end 


Strand II: 
5’ end 


Double helix structure of DNA 
(S = Deoxyribose, P = Phosphate, ----= H-bonds) 


(i) The two DNA strands in a a-helical structure run in opposite directions, i.e., from 
5’-end to 3’-end in case of one strand and from 3’-end to 5’ end in the other strand. 
The strand on the right, for example, runs from top (5’) to bottom (3’), whereas the 
strand on the left runs from bottom (5’) to top (3’). Therefore, 5’ of one strand faces 
3’ of the other and vice-versa. 

(ii) Each strand has a sugar phosphate backbone on the periphery of the helix with 
bases occurring in the centre. The planes of heterocyclic bases are orthogonal to the 
axis of the helix. It should be noted that in a DNA molecule the sugar phosphate 
backbone is completely regular, the sequence of heterocyclic bases can be of many 
different permutations leading to the formation of different base pairs. 
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(iii) Since the base pairing always occurs between adenine and thymine and between 
guanine and cytosine, the base sequence of one strand automatically fixes that of 
the other, and hence, the two strands of the double helix are complementary and 
not identical. 

The distance between any two adjacent base pairs is 0.34 nm. Also, it has been found that 
the distance between any two successive turns of the helix is 3.4 nm. This suggests that 
there are ten base pairs in each turn. The diameter of the helix is about 2.0 nm. 
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Favourable base pairing in DNA: adenine and thymine 
from two H-bonds; cytosine and guanine form three H-bonds 


The diagrams of other possibilities of base pairing which suffer from steric or electronic 
destabilization are given below: 
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The cytosine-thymine pairing suffers from carbonyl dipole repulsion, as well as steric 
interaction between the two oxygens. The guanidine-adenine pairing, on the other hand, 
is destabilized by steric strain between the two close H atoms (encircled). 

When heated, the two strands of DNA separate from each other. This is what is called 
melting. When cooled these strands again hybridize. This is what is called annealing. 
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The temperature at which the two strands separate completely is called its melting 
temperature (Tm). 

Unlike DNA, RNA has been shown to consist of a single-stranded threadline helix having 
some intramolecular hydrogen bonding between the heterocyclic bases. 


10.3.1.1 Genetic Diseases 


Genetic diseases can occur if there takes place any change in normal base pairing caused 
by some chemical processes within the cell or being influenced by some external agents. 
Guanine, for example, takes part in DNA molecule in its lactum form and pairs with 
cytosine. However, if it is transformed into the lactium form by tautomeric change, pairing 
fails to take place with cytosine, but occurs with thymine. As a result of this, abnormal 
DNA molecules are generated and that genetic information is transmitted to the daughter 
cells leading to genetic diseases. 


OH 
N. wil Tautomerization N. ~ 
Sort, mae Oy 
N WN 2 N WN 2 
H H 
Guanine Guanine 
(lactum form) (lactim form) 


Mutation of DNA molecule can also take place by chemicals (mutagens), like nitrous acid 
(HNO,). Heterocyclic bases like adenine, guanine or cytosine containing aromatic —NH, 
group can undergo diazotization by nitrous acid followed by nucleophilic attack by water 
and loss of N, (SyAr) to yield the corresponding hydroxy compound. This intermediate 
obtained from adenine then tautomerizes to give hypoxanthine. 


NH, OH O 
N. N. N. wold 
g cy HNO, g cy tautom. x co 
N N N 
H a H _ H = 
Adenine Intermediate Hypoxanthine 


10.3.1.2 Points of Difference between DNA and RNA 


Deoxyribonucleic acid (DNA) Ribonucleic acid (RNA) 


1. The sugar present in DNA is 2-deoxy-D-ribose | 1. The sugar present in RNA is D-ribose 


2. Cytosine and thymine are the pyrimidine 2. Cytosine and uracil are the pyrimidine bases 
bases and, guanine and adenine are the purine and, guanine and adenine are the purine bases 
bases present in DNA. present in RNA. 


3. DNA has double stranded a-helical structure. | 3. RNA has single stranded a-helical structure. 
4. DNA exists mainly in the nucleus of the cell. 4, RNA exists mainly in the cytoplasm of the cell. 


5. DNA molecules are very large in size; their 5. RNA molecules are relatively small in size 
molecular masses may vary from 6 million to with molecular masses ranging from 20,000 to 
16 million. 40,000. 
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6. DNA possesses the unique property of replica- | 6. Replication does not usually takes place in RNA. 
tion. 


7. DNA encodes an organism’s entire hereditary | 7. Protein synthesis is controlled by RNA 
information and controls the growth and cell 
division. 


10.3.1.3 Functions of Nucleic Acids 


The two nucleic acids DNA and RNA play a very important role in the existence of all 
forms of life. Their functions are given below: 


DNA (i) It acts as a template for RNA which controls the synthesis of proteins. (ii) 
The entire structural and functional make up of the cell is controlled by DNA. (iii) Self 
replication (ability to build another molecule of its own kind) is a unique property of DNA 
and hence it is responsible for passing on heredity trait from one generation to another. 
(iv) When DNA is exposed to electromagnetic radiations (e.g., X-rays, UV rays, -rays) and 
some specific chemicals, it undergoes mutation (change in the sequence of heterocyclic 
bases along the strands). This change is reflected in the subsequent generations. 


RNA _ (i)Synthesis of proteins are controlled by RNA. In fact, RNA molecules are responsible 
to maintain the a-amino acid sequence in protein molecules during their syntheses. There 
are three different types of RNA molecules. They are designated as mRNA (messenger 
RNA), rRNA (ribosome RNA) and tRNA (transfer RNA). The job of each type of RNA is 
different. The scheme for protein synthesis is given below: 


DNA|__ (Preserves the genetic code) 


RN x (Receives information of 
m genetic codes from DNA) 


Combines with 
ribosomes and rRNA 
helps this combination 


Polysomes| (Templates for protein synthesis) 
tRNA carries 


a-amino acids in 
different sequence 


v 
Protein molecule 


(ii) The process of learning and memory storage is controlled by RNA. 
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10.3.2 Mechanism for Acid-catalyzed Hydrolysis of Nucleotides 
(both pyrimidine and purine types) 


10.3.2.1 Mechanism for acid-catalyzed hydrolysis of the ribonucleotide uridylic acid or 


uridine 5-monophosphate (which contains a pyrimidine base) 
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10.3.2.2 Mechanism for acid-catalyzed hydrolysis of the ribonucleotide adenylic acid or 
adenosine 5’-monophosphate (which contains a purine base) 
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10.3.3 Alkaline Hydrolysis of RNA and DNA 


RNA is susceptible to base-catalyzed hydrolysis because the ribose sugar in RNA has a 
hydroxyl group at 2’ position. This feature makes RNA chemically unstable compared to 
DNA, which does not have this 2’0OH group and thus is not susceptible to base-catalyzed 
hydrolysis. In fact, base takes up a proton from the 2’ OH group of RNA and the incipient 
alkoxide attacks the phosphorus atom of the phosphodiester linkage and causes ready 
hydrolysis due to intramolecular nucleophilic attack. The resulting 2’, 3’-cyclic phosphate 
group hydrolyzes to either 2’ or 3’ phosphate. 


Amino Acids, Peptides, Proteins and Nucleic Acids 


Mechanism of alkaline hydrolysis: 


O base HO 


O base O O 
base 
po 
O oe hydrol. 7 - + i : 
H 
0—P=o0 P. 
mae x | cS) a \ 
HO—H O O O 
O ace A 2’,3’-cyclic 
phosphodiester 
O OH 
RNA molecule 
(a part) 
O 0, base O O base O 0, base 
H,0 H,O 
O OH O O OH O 
i XK he 
3 & Ne PO3 
“6 No 
Phosphodiester 


Due to absence of 2’ OH group in DNA, it undergoes normal alkaline hydrolysis of the 
phosphodiester linkage. Therefore, the rate alkaline hydrolysis of DNA is much slower 


than that of RNA. 
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O D base O 0 base 
H H 
+ 
i H — i H 
“O—P=0 — hydrol. ‘ ae 
oy 2 fe) of 
HO--H base O b 
u ase 
H 
( = 0 H 
DNA molecule | 
(a part) 


Po SOLVED PROBLEMS CO 


1. What are called nucleic acids? 

Solution Nucleic acids are high molecular-mass biopolymers that can be hydrolyzed to 
a mixture of heterocyclic bases, a pentose, and phosphoric acid. Sometime they remain 
combined with proteins as nucleoproteins, and are found to be present in the nucleus and 
cytoplasm of all living cells. 

2. Mention the components of DNA. [C.U. 2011] 
Solution The components of DNA (deoxyribonucleic acid) are: (i) the sugar 2-deoxyribose 
(ii) a phosphate group, and (iii) a heterocyclic base which is either a purine [adenine (A) or 
guanine (G)] or a pyrimidine [cytosine (C) or thymine (T)] derivative. 

3. What do you mean by the terms nucleosides and nucleotides? Show the 

H-bonding in G-C base-pairing in DNA double helix. [C.U. 2010, 2014] 
Solution Nucleosides are f-glycosides of D-ribofuranose or 2-deoxy-D-ribofuranose whose 
aglycones (the purine or pyrimidine bases) are bonded to C-1 of the sugar. A nucleotide, 
on the other hand, is a nuelcoside esterified at a sugar —OH group to a phosphate group. 
Therefore, it consists of a base, a sugar, and a phosphate group. 

Nucleoside = base + sugar 
Nucleotide = base + sugar + phosphate 
See also article no. 10.3.1 for G—C base-pairing. 
4, What is called cyclic AMP? Explain why it undergoes alkaline hydrolysis 


to yield 3’-adenylic acid (adenoside 3’-phosphate) rather than 5’-adenylic 
acid. 


Solution Adenosine 3’, 5’-monophosphate (an important nucleotide) is commonly known 
as cyclic AMP. 
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Pao OH 
Cyclic AMP 


Since its reaction with aqueous NaOH takes place through an Sy2 mechanism, nucleophilic 
attack occurs preferentially at the less crowded primary 5’-carbon atom rather than at the 
relatively more crowded secondary, 3’-carbon atom and as a result, 3’-adenylic acid is 
obtained as the major product. 
5. How does ribonucleic acid (RNA) differ from deoxyribonucleic acid (DNA) 
with respect to its structure and function? [C.U. 2011] 
Solution RNA differs from DNA in two principal ways. 
(i) The sugar (pentose) is D-ribose rather than 2-deoxy-D-ribose. 
(ii) The pyridimine base uracil (U) replaces the pyrimidine base thymine (T). 
See also article no. 10.3.1.3 (functions of nucleic acids). 
6. What do you mean by nucleoproteins? Show the four stages involved in 
the hydrolytic degradation of nucleoproteins. 
Solution A class of conjugated proteins which contains nucleic acids as prosthetic groups 
and which determines the heredity in living organisms are called nucleoproteins. 
The four stages in the hydrolytic degradation of nucleoproteins are shown below: 


Nucleoproteins }—->} Proteins | +| Nucleic acid | 


ee clic | + | Pentose k | Nucleosides | + | Phosphoric acid/¢—| Nucleotides 


7. Write structures of two other tautomeric forms of each of the five nucleic 
acid bases. 


Solution 
NH, NH NH 
N N N 
(i) Adenine: 4 1) —— ¢ os — 4 ry 
Ne yw NN 
H 
O OH OH 
N 
ean eh = el 
Zz ee 
(ii) Guanine: N N NH N ~N’ ~NH N ~N~ “NH 


(The two purine bases) 
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NH, NH NH 


(i) Cyt cr | ia | ie 
i) Cytosine: == — 
xo = oe 
H 
OH OH 
Gi) Uracil ae Ex Gt ee cet 
ll racil: = >. 
O 
H3C ae cae 
(iii) Thymine: | — 


- 
(the three jeeaitins bases) 


Despite the added stabilization of an aromatic ring (2nd and 8rd structure of the purine 
bases and 3rd structure of the pyrimidine bases), these compounds prefer to adopt amide- 
like structure and that is due to greater thermodynamic stability (bond energy). 

8. Explain why nuelcosides are stable in dilute base, but undergo ready 
hydrolysis in aqueous acid. Suggest a reasonable mechanism for the 
hydrolysis. 

Solution Since the nucleosides have N-glycosidic linkage, they undergo rapid hydrolysis 
in aqueous acid because in acid, the base undergoes protonate and becomes a good leaving 
group. In alkali, hydrolysis does not take place because the leaving group in this case is a 
strong (unstable) base and cannot be separated from the sugar part. 


alason 


HOCH, 0 eho HOCH, HOCH, -O po 
An HA, HOH, | AH OHA, Lae + gH B/S 
OH H,0: 
OH OH OH OH — OH OH 
Uridine | 
(a ribonucleoside) 
= Hi . HOCH, O 
H, OH 
HOH > Au H/ 
H 4H 
OH 
OH OH OH OH 
Sugar Sugar 


(pyranose) (furanose) 
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The sugar in furanose form immediately changes into the stable pyranose form. 
9. How can the process of denaturation occurs when a solution of DNA is 
heated? 


Solution The hydrogen bonds between the paired bases and the van der Waals forces of 
attraction that hold the stacked base-pairs are disrupted. As a consequence, the ordered 
conformation breaks and the double helix undergo dissociation into random, disordered 
coils. In this way, denaturation of DNA occurs when it is heated. 
10. How does a change in the sequence of bases in DNA cause a mutation? 
What do you mean by a silent and a lethal mutation? 


Solution A change in a single base-pair in DNA causes substitution of a different o-amino 
acid in the protein being synthesized. This leads to mutation. When the substitution of a 
different amino acid does not significantly change the normal activity of the protein, this 
is called a silent mutation. However, when the substitution leads to the formation of a 
defective harmful protein or when due to such substitution the production of an essential 
protein is hampered, it is called a lethal mutation. 

11. Account for the mutagenic activity of nitrous acid (HNO,) on 

deoxyribonuclic acid (DNA). 


Solution Nitrous acid converts the —NH, group of the heterocyclic bases adenine, gua- 
nine and cytosine to an —OH group through diazotization. The resulting bases undergo 
base pairing in a different sequence, thereby forming an abnormal DNA which changes 
the genetic code and leads to possible mutations. 


NH, OH O 
a (SN _uwo, xr tautom. ery 
H H H 
Adomine Hypoxanthine 
(a purine base) 
NH, OH O 
oo HNO, co tautom. ou 
H H H 
Cytosine Uracil 


(a pyrimidine base) 


O O 
N NH N NH taut N NH 
J || ANOe c autem Y T| 


N 


Guanine Xanthine 
(a purine base) 
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12. In DNA, adenine usually pairs with thymine. However, hypoxanthine, 
obtained from adenine by the action of nitrous acid, pairs with cytosine. 
Show the H-bonds of a hypoxanthine-cytosine base-pair. 
Solution 


Sugar~ N= . 
O Sugar 


Hypoxanthine Cytosine 


13. Ifthe base guanine tautomerizes to the abnormal lactim form, it pairs with 
thymine instead of cytosine. Show the hydrogen bonds in this abnormal 
base-pair. 


Solution 
[- N O tautom. Ge O—H---O CHg 
Pa: N—H UN NN---H—_N S 
Sugar N—~“ Sugar N—< > N, 
Caaaa Nee He O Sugar 
uanine Ww’ 
(actum form) 
Guanine Thymine 


(lactim form) 


14. Explain why the compounds like active halides (e.g., CH,I), epoxides, 
nitrosamines possess carcinogenic behaviour. Is benzola]pyran a 
carcinogen? 


Solution Carcinogenic (cancer-producing) compounds possess mutagenic activity and this 
is because by altering the base sequence they bring about a change in the protein being 
synthesized and a corresponding change in biological function. The O and N atoms (the 
nucleophilic sites) of the heterocyclic bases undergo alkylation by these three classes of 
compounds. The alkylated bases causes unusual base pairing leading to mutation. This 
explains why these compounds possess carcinogenic behaviour. 


BAP itselfis not a carcinogenic compound. However, during partial metabolism it becomes 
converted to an epoxide derivative which can act as an alkylating agent. Therefore, BAP 
is a carcinogen. 
15. How can nucleosides be converted to nucleotides? 
Solution Conversion of a nucleoside to a nucleotide may be carried out by using the im- 
1 

portant phosphorylating agent dibenzyl phosphochloridate [(PhCH,O).P Cl]. Specific 
phosphorylation of the 5’-OH group can be achieved if the 2’”- and 3’—OH groups of the 
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nucleoside are protected by an isopropylidine group through the formation of a cyclic ac- 
etal using acetone. 


O 
5 Kl 
HOCH, —O Base HOCH, —O Base (PhCH,O),POCH, _-O Base 
- Ls CH;COCH./H® (PhCH,0),P—Cl 
H H Bese H H 
H H (-H,0) H H pyridine H H 
OH OH O O O O 
. S47 N\A 
Nucleoside ws. rs 
H3C CH; H3C CH3 
Acetal-protected 
nucloside 
" 
(HO)2P—OCH 2.0 Base (PhCH,—O),POCH, ~O Base 
H,/Pd H,0° 
H 4H < oe _ H 4H . 
H H_ (Hydrogenolysis) H H hydrol. 
OH OH OH OH 
Nucleotide 


16. Show the complementary base pairing in DNA by a suitable diagram. 
Solution 


Complementary base pairing in DNA 
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17. How would you convert uridine to thymidine? 
Solution 


O O O O 
00, L ny Rend? «H® HN i ee H,/Pt my CH 
iO o- ae ° = 


O , O : 
Ribode Ribose Ribose Ribose 
Uridine Thymidine 
18. What is meant by specific base-pairing is double helix structure of a DNA 


molecule? Why the other base-pairings have not been observed in DNA 
double helix structure? [C.U. 2014] 
[Hint: See article no. 10.3.1 (secondary structure)] 


Po STUDY PROBLEMS TO 


1. 


What do you mean by the terms dinucleotide, oligonucleotide and polynucleotide? 
Give examples of polynucleotide. 
[Hint: A dinucleotide contains two nucleotide subunits, an oligonucleotide contains 
3 to 10 subunits, and a polynucleotide contains many subunits.] 
Indicate whether each functional group of the five heterocyclic bases in nucleic 
acids can function as a hydrogen bond accepter, a hydrogen bond donor, or both. 
If one of the strands of DNA has the following sequences of heterocyclic bases 
running in the 3’-55’ direction. 

3’-T-A-C-G-T-C-A-T-G-C-G-_8’ 
(a) What is the sequence of bases in the complementary strand? 
(b) What base is closest to the 3’-end of the complementary strand? 
[Hint: (a) 5’- A-T-G-C-A-G-T-A-C-G-C-8] 
A 2’, 3’-cyclic phosphodiester undergoes hydrolysis to yield a mixture of nucleotide 
2’- and 3’- phosphates. Propose a mechanism for this reaction. 
Why do DNAs from various sources possess different melting temperatures (T,,,s)? 
{[Hint: DNAs have different amounts of G: C and A: T base-pairs, and the former, 
due to greater number of H-bonds between them, confers greater stability to the 
double helix. Thus, the higher the G : C content, the higher the T,,.] 
How many 3’,5’ phosphodiester linkages are expected to be present in a linear 
polynucleotide chain containing 25 nucleotide units. 
{[Hint: A phosphodiester linkage connects each nucleotide to the adjacent one; 
therefore, the total number of such linkage is always less than the number of 
nucleotide units. Phosphates at the 3’ or 5’ end do not constitute phosphodiesters. 
Therefore, the number of phosphodiester linkage is 24.] 
Show how the keto-form of uracil in mRNA can pair with adenine in DNA through 
H-bond formation. 
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15. 


16. 


17. 


18. 


19. 


20. 


21. 


_ : i 7 
O--- —>. 
a Sy 
as aoe \ 
Hint No-BNS NT 
i ——N 
Uracil Adenine 
(in mRNA) (in DNA) 
The two strands of DNA in double helix are not identical, but complementary. 


Explain. 

What are the functions of nucleic acids in human body? 

Mention four differences between DNA and RNA. 

What structural feature of DNA accounts for the ratio of G to C and A to T being 
close to unity? 

Give the structural formulas for (i) adenosine 5’-triphosphate (ATP), and (ii) 
deoxyuridine 3’-monophosphate dUMP). 

Sodium nitrite (NaNO,), a common food preservative, may cause mutations in an 
acidic environment by converting cytosines to uracils. Explain how this can take 


place. 
Write the names and structures of any two purine and pyrimidine bases related to 
nucleic acids. [C.U. 2013] 


[Hint: See article no 10.3.1.] 

Draw the structure of the following compounds: 

(i) A nucleoside containing a base unit found only in RNA and not in DNA, (ii) 

a nucleotide containing a base unit present in DNA which is complementary to 

Thymine. [C.U. 2015] 

[Hint: (i) Uridine (ii) Adenylic acid. See article no. 10.3.1.] 

Which cytosine in the following DNA strand may cause maximum damage to the 

organism if it undergoes deamination? 

5’-A-T-G-T-C-G-C-T-A-A-T-C-3’ 

Draw the structure of a four-residue segment of DNA with the following sequence: 
5)-C-A-T-G-3’ 

Draw the structure of the following nucleotides: 

(a) Guanosine triphosphate (GTP) (b) dCMP 

(c) cGMP (d) AMP (e) TMP 

Explain why the nitrous acid-induced mutation of cytosine to uracil is more easily 

repaired in DNA than it is in RNA. 

Polyribonucleotides are quite readily hydrolysed by aqueous alkali but 

polydeoxyribonucleotides are not. Explain this observation. 

What is called the Chargaffs rule? Does Chargaffs rule apply only to double- 

stranded DNA, or would it also apply to individual strand if the double helical 

strand were separated? 

{[Hint: Erwin Chargaffs discovered that DNA contains equimolar amount of 

guanine and cytosine and also equimolar amounts of adenine and thymine. This 

is known as the Chargaff’s rule. This rule is applicable only to double-stranded 

DNA] 


24, 


25. 


25. 
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DNA and RNA bases belong to two different classes of heterocycles. What are these 
classes? Predict whether the relative sizes of two classes of heterocyclic bases play 
any role in the chemical regularity of the DNA molecule? 

When RNA is hydrolyzed, no relationship has been found among the quantities of 
the four bases obtained similar to that observed for the bases obtained from DNA. 
What can be inferred from this observation about the structure of RNA? 

Identify the H-bonds between the conjugate base pairs of DNA. [C.U. 2012] 
[Hint: See article no. 10.3.1] 

Write down the structure of adenosine and guanosine. Explain why guanosine is 


hydrolysed more rapidly than adenosine. [C.U. 2012] 
[Hint: See article no. 10.3.1 (nucleotides and nucleosides). 
NH» 7 ‘: 7 
iN= 5 N HN 5 N 
gl | »* ee | 7 ° 
eNS* N? es N 4 N 9 
| H 3 
*) 
HOCH, O Pa HOCH, -O 
H,O: H,O 
u H 4H Hi u H H H 
OH OH OH OH 
Adenosine Guanosine 


That guanosine is hydrolysed more rapidly than adenosine is due to effective 
intramolecular catalysis involving the —N Hg; group at the 2-position. This -NH, 
group ig less basic than the 3-imino group (in both purines) and so proton release 
from —NHs is easier. ] 

Mention the names of different types of RNAs and their functions. [C.U. 2012] 
[Hint: See article no. 10.3.1.3.] 
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Sigmatropic Rearrangement 

8.96 

FMO Rationalization for the 

Sigmatropic Shift of Carbon 

8.94 

FMO Rationalization for the 

Sigmatropic Shift of 

Hydrogen 8.92 

FMO Theory of Cycloaddition 
Reactions 8.44 

Forbidden transitions 4.19 

Formation of glycosides 9.53 

Formation of Osazone 9.23 

9-Formylanthracene 5.35 

Fourier Transform NMR 
(FT-NMR) 4.105 

Fragmentation reactions 7.53 

Friedel-Crafts acylation 5.4, 
5.12 


Friedel-Crafts alkylation 5.11, 
5.29 

Friedlander Synthesis 6.151 

Fries rule 5.5 

Frontier Molecular Orbital 
(FMO) approach 8.2 

Frontier Molecular Orbitals 
(FMO) 8.7 

Functional Group Infrared 
Absorption 4.67 

Functions of Nucleic Acids 
10.140 

Fundamental tone 4.59 

Furan and Its Derivatives 6.46 

Furanose 9.8 


G 


Gabriel—Malonic ester 
synthesis 10.22 

Gabriel phthalimide 
synthesis 10.22 

Gabriel synthesis 1.4 

Gattermann reaction 5.54, 6.22, 
6.53, 6.139 

Geminal coupling 4.130 

Genetic Diseases 10.139 

Geometry of the Peptide 
Linkage 10.72 

Globular proteins 10.105 

D-glyceraldehyde 9.4 

L-glyceraldehyde 9.4 

Glycosides 9.52 

Gomberg reaction 6.56 

Grignard reagent as reducing 
agent 2.11 

Grignard synthesis 1.5 


H 


Halogenation 5.11, 5.32 
Hantzsch synthesis 6.88 
Haworth Method 5.39 
Haworth synthesis 5.4, 5.6 
Heat of combustion 7.4 
a-Helical structure 10.107 
Hemiaminal 1.14 

Henry reaction 1.37 
Heterocyclic compounds 6.1 
Hinsberg test 1.9 

Hofmann rearrangement 1.3 
Holding group 7.15 


HOMO (Highest Occupied 
Molecular Orbital) 8.2 
Homotropilidene 8.99 
Hooke’s law 4.65 
Houben—Hoesch reaction 6.24 
Hiickel-Mobius transition state 
(aromatic and antiaromatic 
TS) theory 8.2 
Hydantoin synthesis 10.29 
Hydrazinolysis 1.4 
Hydridetransfermechanism 2.41 
Hydrodealkylation 5.2 
Hydrolysis of alkyl isocyanides 
1.6 
Hydroxyanthracenes 5.36 
5-hydroxy-1,3-dioxane 7.27 
Hyperchromic effect 4.13 
Hypochromic effect 4.14 
Hypsochromic shift 4.13 


I 


Indole and Its Derivatives 6.131 

Infrared Correlation Table 4.82 

Infrared Spectroscopy 4.58 

Intensity of absorption 4.19 

Iodomethylzinc iodide 2.62 

IR Absorption Intensity 4.67 

IR Absorption Position 4.65 

TR active 4.59 

TR inactive 4.59 

Isoelectric Points of Amino 
Acids 10.11 

Isoquinoline and Its Derivatives 
6.167 


J 


Japp—Klingermann reaction 
1.58 
Johnson Method 5.48 


K 


Karplus Curve 4.131 
Kiliani—Fischer synthesis 9.27 
Knorr synthesis 6.12 
Kolbe—Schmitt reaction 6.23 


L 


Larmor frequency 4.103 
Liberman’s nitrosamine 
reaction 1.11 


Limitations in the use of Gri- 
gnard Synthesis 2.16 

Limitations of Baeyer Strain 
theory 7.4 

Lobry de Bruyn—Alberda—van 
Ekenstein reaction 9.9 

Long-range coupling 4.132 

Lossen rearrangement 1.7 

LUMO (Lowest Unoccupied 
Molecular Orbital) 8.2 


M 


Madelung Synthesis 6.133 
Magnetic anisotropy 4.112 
Mannich reaction 1.13, 6.53, 
6.139 

Mechanism for mutarotation in 
water 9.52 

Mechanism for the acid-cata- 
lyzed mutarotation 9.51 
Mechanism for the base-cata- 
lysed mutarotation 9.51 
Meerwein arylation reaction 
1.56 

Menthyl chloride 7.67 
Merrifield resin 10.102 
Metallation of furans 6.54 
Metallation of thiophene 6.79 
1-methyl-1-phenylcyclohexane 
7.31 

Molar absorptivity 4.17 
Molecular Excitations and 
Spectroscopic Techniques 4.6 
Molecular orbitals in pentadi- 
enyl system 8.6 

Molecular orbitals of 
1,3,5-hexatriene 8.4 
Molecular orbitals of 
1,3-butadiene 8.3 
Molecular orbitals of allyl 
system 8.5 

Molecular Orbitals of Conjugat- 
ed Ions and Radicals 8.5 
Molecular orbitals of ethylene 
8.2 

Molecular Vibrations 4.59 
Monosaccharides 9.8, 9.4 
Mucic acid 6.47 
Mulliken—Barker test 1.36 
Mutarotation of fructose 9.65 


Naphthalene and its 
Derivatives 5.2 
Naphthaquinones 5.25 
Naphthols 5.19 
Naphthylamines 5.23 
Nazarov cyclization 8.33 
Nef carbonyl synthesis 1.36 
Neutral amino acids 10.3 
Ninhydrin reaction 10.36 
Nitrogenous organic compounds 
11 
Nitrolic acid 1.40 
NMR and Rate Processes 
4.120 
Nomenclature and Classifica- 
tion of Carbohydrates 9.2 
Non-essential amino acids 10.4 
Non-reducing sugars 9.3 
Nuclear Magnetic Resonance 
Spectroscopy 4.101 
Nuclear Spin States 4.101 
Nucleic Acids 10.128 
Nucleotides and Nucleosides 
10.129 


O 


Oligosaccharides 9.3 

Optical density 4.17 

Organocuprates or Gilman 
Reagents 2.22 

Organolithium Compounds 2.16 

Organomagnesium Compounds 
or Grignard Reagents 2.3 

Organometallic compounds 2.1 

Organozinc Compounds 2.26 

Ortholithiation 2.19 

Osazones 9.24 

Osone 9.26 

Oxanthranol 5.37 

Oxidation Reactions of 
Monosaccharides 9.11 

Ozonolysis of Naphthalene 5.17 


P 


Paal—Knorr synthesis 6.11, 
6.48, 6.75 

Peak Area and Proton 
Counting 4.122 


Pentosans 9.3 

Peptide Linkage 10.69 

Peptides 10.69 

Peptide Synthesis 10.84 

Perhydroanthracene 5.36 

Pericyclic reactions 8.1 

Periodic acid oxidation method 
for ring size determination 
9.59 

Periodic acid oxidation of 
D-glucose 9.17 

Periodic oxidation of D-fructose 
9.19 

Perkin reaction 6.59 

Perturbation Theory 8.10 

Phenanthraquinone 5.46 

Phenanthrene and its 
Derivatives 5.38 

Phenylenediamines 1.14 

Photolysis of diazomethane 1.22 

Pictet-Spengler Synthesis 
6.168 

Pleated sheet structure 10.107 

Polynuclear hydrocarbons 5.1 

Polysaccharides 9.2, 9.148 

Precessional frequency 4.104 

Preparation of D-(—)-Fructose 
9.62 

Preparation of D(+)-glucose 9.38 

Preparation of Diazomethane 
1.17 

Preparation of Grignard 
Reagents 2.4 

Preparation of Lithium 
Dialkylcuprates (Gilman 
reagents) 2.23 

Preparation of Organolithium 
Compounds 2.16 

Preparation of Organozinc 
Compounds 2.26 

Preparations of Aliphatic Nitro 
Compounds 1.33 

Preparations of Aromatic Nitro 
Compounds 1.34 

Primary aromatic amines 1.11 

Prismane 8.41 

Properties and Structure of 
Diazomethane 1.18 

Properties of D-(—)-Fructose 
9.62 


Properties of D(+)-glucose 9.38 
Protein Structure 10.106 
Pschoor Synthesis 5.42 
Pseudonitrole 1.40 
Pseudorotation 7.36 
Pyridine and Its Derivatives 
6.87 
Pyridine N-oxide 6.98 
Pyrolysis of tertiary amine 
oxides 7.51 
Pyrolysis of Xanthates 7.50 
Pyrrole 6.4 


Q 


Quinoline and Its Derivatives 
6.149 


R 


Rate of a reaction by UV-VIS 
spectroscopy 4.36 

Reactions of Aliphatic Nitro 
Compounds 1.36 

Reactions of Amino Acids 10.30 

Reactions of Anthracene 5.31 

Reactions of Aromatic Nitro 
Compounds 1.40 

Reactions of Cyclohexane 
Derivatives 7.42 

Reactions of furans 6.50 

Reactions of furfural 6.57 

Reactions of Grignard Reagents 
2.6 

Reactions of Lithium 
Dialkylcuprates 2.23 

Reactions of Monosaccharides 
9.9 

Reactions of Organolithium 
Compounds 2.18 

Reactions of Organozinc 
Compounds 2.27 

Reactions of Phenanthrene 5.43 

Reactions of thiophene 6.77 

Reducing sugars 9.3 

Reduction of alkyleyanides 1.2 

Reduction of alkyl isocyanides 
1.7 

Reduction of Monosaccharides 
9.22 

Reduction of nitro compounds 
1.2 


Reductive alkylation of a pri- 
mary amine using a carbonyl 
compound 1.8 

Reductive alkylation of a 
secondary amine using a 
carbonyl compound 1.9 

Reductive-amination of alde- 
hydes and ketones 1.3 

Reformatsky Reaction 2.28 

Regioselectivity of Diels-Alder 
Reaction 8.49 

Reimer—Tiemann reaction 6.22, 
6.138 

Reissert Synthesis 6.133 

Relative intensities of peaks 
4.129 

Resolution of DL-Amino Acids 
10.41 

Resonance energy of naphtha- 
lene 5.10 

Ribonucleic acid (RNA) 10.128 

Ring-flip or ring-inversion 7.9 

Ring Size and Ease of 
Cyclization 7.6 

Ring structure of D-(—)-fructose 
9.64 

Ritter reaction 1.5 

Ruff Degradation 9.32 

Rules for Calculating A,,,, 
in Benzoyl derivatives 4.26 


S 


Sandmeyer reaction 1.53 
Sanger method 10.78 
Schmidt reaction 1.5 
Secondary and Tertiary 
Amines 1.9, 1.12 
Secondary aromatic amines 
1.11 
Shortening the Carbon Chain of 
Aldoses 9.32 
Sigmatropic reactions 8.2 
Signal Splitting 4.123 
Simmons—Smith Reaction 2.30 
Skraup Synthesis 6.150 
Sodium cyanoborohydride 1.3 
Solid-Phase Peptide 
Synthesis 10.100 
Solution-phase Peptide 
Synthesis 10.85 


Solvent corrections 4.25 

Solvents Effects 4.21 

Solvents for UV spectroscopy 
4.18 

SOMO-1 8.2 

SOMO-2 8.2 

Sorensen formal titration 10.40 

Sowden synthesis 9.30 

Spin decoupling 4.122, 4.137 

Starch 9.3, 9.148 

Starch-iodine Test 9.149 

Stereochemical consequences of 
ring-flip 7.17 

Stereoelectronic Effect 7.41 

Steric approach control 7.57 

Steric assistance 7.40 

Stobbe condensation 5.9 

Strecker Synthesis 10.24 

Stretching vibrations 4.62 

Structure of Amylopectin 9.149 

Structure of amylose 9.148 

Structure of Cellulose 9.150 

Structure of D-(—)-Fructose 9.62 

Structure of D-(+)-glucose 9.39 

Succinoylation of naphthalene 
5.63 

Sucrose Cj.H».0,, 9.138 

Symmetry allowed and symme- 
try forbidden cycloaddition 
reactions 8.44 

Symmetry Elements in Chair 
and Boat Conformations 7.11 

Syntheses Using Diazonium 
Salts 1.58 

Synthesis of Amino Acids 10.20 

Synthesis of Anthracene 5.29 


Synthesis of Naphthalene 5.6 
Synthesis of Phenanthrene and 
Its Derivatives 5.39 


T 


Terminal residue analysis 10.75 

Tertiary aromatic amines 1.12 

Tetralin 5.17 

a-Tetralone 5.18, 5.48 

Tetramethylsilane [TMS] 4.108 

Theory of Electronic Spectros- 
copy 4.14 

Theory of Nuclear Magnetic 
Resonance 4.103 

Thiophene and Its Derivatives 
6.74 

Thorpe nitrile condensation 
1.49 

Topomerisation 7.10 

Trans and cis coupling 4.132 

n — 7 transition 4.16 

n —> o* transition 4.15 

m— 7 transition 4.15 

o— o* transition 4.15 

Transmetallation Reaction 2.27 

Transmittance 4.6, 4.64 

Triptycene 5.35 

Trisaccharide 9.3 

t(tau) scale 4.109 

Types of Vibration 4.62 


U 


Umpolung 2.20 
Upfield and downfield 4.106 
Uses of Diazomethane 1.19 


Vacuum ultraviolet region 4.12 

Valence bond argument of 
regioselectivity 8.51 

van Slyke method 10.40 

Vibrational degrees of freedom 
4.61 

Vicinal coupling 4.131 

Vilsmeier—Haak formylation 
5.35, 6.21, 6.53 

Visible Spectrum 4.12 

von Richter reaction 1.42 


WwW 


Walk rearrangements 8.114 
Watson—Crick model 10.137 
Weerman degradation 9.34 
Wohl degradation 9.33 
Wolff rearrangement 1.21 
Woodward and Hoffmann 
Selection Rules for Cycload- 
dition Reactions 8.47 
Woodward and Hoffmann Selec- 
tion Rules for Electrocyclic 
Reactions 8.25 
Woodward-Fieser Rules for 
Calculating A,,,, 4-22, 4.24 
Woodward—Hoffmann Selection 
Rules for [i, j] Sigmatropic 
Shift 8.96 


Z 


Zerewitinoff active hydrogen 
determination 2.32 
Zero point energy 4.60 


